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Five natural populations of Drosophila melanogaster from 
diverse geographical and ecological sites have been studied. 
Genetic variation within populations and genetic differentiation 
between populations were high. 
Two hundred and forty six strains, isogenic for second 
chromosomes, have been derived from these populations and 
surveyed for variation in the properties of the enzyme 
alcohol dehydrogenase (ADH). 
The majority of variation in ADH activity was attributable 
to the presence, in all five populations, of two electro-
phoretic forms of the enzyme. Within electrophoretic 
classes significant variation existed between populations 
and between some strains in ADH activity. Two strains 
showed abnormal ADH activities. 
Variation in the heat stability of ADH enzyme was almost 
wholly attributable to the presence of two electrophoretic 
forms. Only two strains showed heat stabilities atypical 
of their electrophoretic class. 
The absence of heterogeneity within electrophoretic classes 
at this locus is discussed in view of the predictions of 
models of protein variation and recent experimental results. 
In the four strains exhibiting unusual properties of ADH 
activity or stability, the loci responsible map in the region 
of the Adh locus. 
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The result of the various, quite unknown, or dimly seen 
laws of variation is infinitely complex and diversified. 
Charles Darwin 
The Origin of Species by 
Means of Natural Selection, 1359. 
CHAPTER ONE 	General Introduction 
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The theory of evolution by natural selection has emphasised 
the importance of intraspecific variation for continuing 
evolution. Since the development of this theory by 
Darwin, the study of genetic variation within populations 
has been the main theme of experimental and theoretical 
population genetics. Only by knowing the nature of genetic 
differences between individuals of the same species can an 
understanding of the processes of adaptation and speciation 
be gained. 
The nature of genetic differences for which techniques of 
detection had been developed has limited the progress of 
our understanding. Great knowledge has been accumulated 
concerning the incidence of karyotypic variation (reviewed 
in Dobzhansky, 1970), the frequencies of rare visible and 
lethal mutations (Ives, 1945), visible polymorphisms such 
as colour banding in Cepaea (Cain and Sheppard, 1954) and 
more recently antigenic polymorphisms in man (Race and 
Sanger, 1968). However, all of these studies concerned 
polymorphism of relatively few loci or the incidence of 
rare variants of no direct evolutionary significance. 
The problem of fully describing variation at all genetic 
loci or a sample of loci, random with respect to phenotypic 
effect, remained unsolved. 
In this situtation two contrasting views of the likely 
nature of variation arose. The tclassicalh?  view of the 
species, originally stated by Muller (1950), held that 
polymorphism maintained by balancing natural selection must 
UI 
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occur at relatively few loci; such variation occurring at 
more than a few tens of loci would result in a genetic 
load unbearable to biological species. The variation 
necessary for evolution was considered to be produced by 
recurrent mutation. 
An alternative view was derived from experimental rather 
than theoretical considerations, notably by Dobhanskv and 
his co-workers (Dobzhansky, 1970). From experiments with 
natural populations it was concluded that "wild-type flies 
are an assemblage of many different genotypes .. . . in which 
no two individuals are alike and often show their unlikeness 
by different reactions to the environment". Thus, extensive 
genetic variability extant in natural populations was 
regarded as the basis of short-term adaptive changes and 
evolutionary divergence. 
To resolve which of these views more truly represents 
reality requires a sample of the variation in natural 
populations which more accurately reflects the variation 
available to natural selection. Lewontin (1974) has 
established criteria which such a sample should fulfil. 
Phenotypic differences caused by the substitution of 
one allele for another at a single locus must be detectable 
as an unambiguous difference between individuals. 
Allelic substitutions at one locus must be distinguishable 
in their effects from substitution at other loci. 
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All, or a very large fraction of, allelic substitutions 
at a locus must be detectable and distinguishable from 
each other irrespective of the intensity or range of their 
physiological effects. 
The loci under study must be a random sample of genes 
with respect to physiological effects and with respect to 
the amount of variation that exists at the locus. 
There is no doubt that the study of protein variation by 
gel electrophoresis of soluble proteins has come closest of 
any sampling technique to fulfilling these criteria. 
Early studies (see Shaw, 1965 for review) revealed that 
in many species some soluble enzymes and proteins existed 
in two or more distinct forms or allozymes, each form 
being inherited as a codominant, Mendelian allele. The 
first applications of this technique to surveying variation 
within populations at a number of genetic loci were 
performed by Harris (1966), Hubby and Lewontin (1966) and 
Lewontin and Hubby (1966). The species studied by these 
workers, man and Drosophila pseudoobscura, were found 
to have similar levels of allozymic variation. Thirty 
percent of loci showed polymorphism and each individual 
was heterozygous at 12 percent of its loci. 
Such surveys have been performed in a wide range of animal 
and plant species in subsequent years. The extensive data 
o,-%,-reviewed by Lewontin (1974). Generally the findings 
are that in any sexually reproducing species 20 to 86 
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percent of loci are found to be segregating for allozymic 
forms of their protein product (median value 30%). 
Average heterozygosities fall within a relatively narrow 
range from 5.6 to 18.4 percent (median 10.6%). Since 
electrophoresis may detect only one third of all segregating 
allelic forms of a protein, it is possible that essentially 
all loci are polymorphic and that individuals are heterozygous 
at 30% of loci. 
Such widespread variation may, at first sight, seem 
inconsistent with the classical view of population variation 
since it had been predicted that polymorphisms at more 
than a few loci involve excessive genetic loads if 
maintained by balancing selection. However, Kimura and 
Ohta (1971a) and King and Jukes (1969) have proposed that 
the majority of allozymic variation merely represents 
evolutionary "noise", a series of isoalleles occurring 
at each segregating locus. These isoalleles are considered 
to be functionally equivalent in adaptive or evolutionary 
terms. This view has come to be known as the neo-classical 
or neutralist theory. In contrast Clarke (1970)and 
Richmond (1970) have argued that the observed frequencies 
of electromorphs reflect the stable equilibria of selectively 
balanced polymorphisms which confer adaptive advantage to 
the population or species. 
The accumulating data on the extent and distribution of 
allozymic variation stimulated not only controversy but 
considerable theoretical advances. Although neither view 
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is held in its extreme form of all variation being neutral 
or selectively maintained there remains the important 
task of distinguishing what proportion of the variation 
might be due to one or other influence. 
Wright (1932) had postulated that, if selectively neutral 
mutations occur, their frequencies would be influenced by 
the process of random genetic drift in finite populations 
and some would occur as polymorphisms. The dynamics of 
this process were developed extensively by Kimura, Crow 
and Ohta in a series of papers (reviewed in Kimura and Ohta 
1971b). Their infinite all e l e ! model in which all 
mutations give rise to a unique and novel allele was 
used to predict the levels of heterozvgosity attributable 
to neutral mutations which had risen to intermediate 
gene frequencies by random genetic drift in finite populations. 
At equilibrium they showed that the effective number of 
alleles at a locus and the average heterozygosity are 
determined by the product of two population parameters, 
Ne, the effective population size, and U, the neutral 
mutation rate. Ne is a large number, unknown for any 
natural population and very difficult to estimate 
experimentally. The neutral mutation rate, U, is a small 
number whose exact value is unknown for any locus. By 
giving Ne and U arbitrary values it is possible to predict 
any level of heterozygosity between zero and one. Clearly 
any level of heterozygosity could be consistent with the 
neutralist view. 
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Kimura and Ohta (1971) have further argued that the level 
of heterozygosity in natural populations and the rate of 
amino acid substitutions in molecular evolution could 
not be maintained by natural selection alone. On the 
basis of the genetic load incurred by both processes it 
was argued that the "vast majority" of allozymic variation 
and amino acid substitutions are due to selectively 
equivalent forms whose frequencies are determined by 
mutation and random genetic drift. 
Lewontin (1974) has shown that, although the predicted 
average heterozygosity is sensitive to changes in the 
product of Ne and U, the observed values of heterozygosity 
for electrophoretic variation lie in a very narrow range. 
This implies that, unless the neutral mutation rate is 
somehow related to the reciprocal of the population size, 
Drosophila species, wild oats, mouse and man must all be 
predicted to have population sizes within a factor of four 
of each other. Similarly, Johnson and Feldman (1972) have 
claimed that the observed distribution of allele frequencies 
is too even to be compatible with the neo-classical model. 
Ayala et al (1971) have shown that Drosophila populations 
known to differ many fold in their population sizes may 
contain very similar numbers of electromorphs. The 
predicted number of neutral isoalleles in a population is 
given by the formula 11e 
	1 + 4NeU, where n e  is the 
effective number of alleles (Kimura and Crow, 1964). 
Since the Drosophila populations probably have similar 
neutral mutation rates, it would be expected that large 
stable populations should contain many more variant forms 
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than small populations. 
In view of such criticisms the infinite-allele model has 
been re-examined. The assumption that all mutation to 
neutral alleles are unique and distinguishable, although 
mathematically expedient, is biologically unrealistic 
(Maynard Smith, 1972). Since it appears probable that 
routine electrophoretic surveys distinguish between 
proteins of unit difference in net surface charge (Johnson 
1971) and that the net charge of a protein can be achieved 
by a number of combinations of charged and uncharged amino 
acids, it is argued that the phenotype corresponding to 
a particular electrophoretic mobility may represent a 
heterogenuous array of proteins of different amino acid 
sequence and common net charge. 
The earliest version of this 'charge-state" model assumed 
that the possible number of electrophoretic classes was infinite 
(Ohta and Kimura, 1973, 1974). However, Maynard Smith 
(1972) and King (1974) have argued that neutral electro-
phoretic variation may arise at relatively few amino acid 
sites and, therefore, that the range of possible electro-
morphs is limited even in large populations. Models based 
on this assumption have shown that the expected range in 
heterozygosity for electrophoretic variation is much narrower 
and the expected number of distinguishable forms on 
electrophoresis no longer proportional to Ne, (King, 1974, 
Brown et al, 1975, Marshall and Brown, 1975 and Wehrann, 
1975). 
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Ohta and Kimura (1975) have shown that the same pattern 
arises if the fitness of various alleles is reduced by 
a small amount (of the order of the mutation rate) that 
is a function of its deviation from optimal electrophoretic 
charge. If any amino acid substitution results in such 
a selective disadvantage the expected distribution of 
electromorph number and heterzygosity is similarly 
affected (King and Ohta, 1975). 
Latter (1975b) and Wehrann (1975) have shown that these 
models more closely fit the observed pattern of electro-
phoretic variation, however, such demonstrations cannot 
prove that any particular polymorphism is due to the 
segregation of neutral isoalleles or decide what proportion 
of polymorphisms are maintained by balancing natural 
selection. Simple models of balancing selective forces 
could similarly be made to generate any observed pattern 
of gene frequencies at a number of loci. Resolution of 
this dilemma is not possible on theoretical arguments alone. 
A number of experimental studies have attempted to detect the 
influence of natural selection at loci polymorphic for 
allozymic enzyme forms. Three types of balancing selective 
forces have been considered capable of maintaining poly-
morphism. These are single locus overdominance or heterosis, 
spatial or temporal variation in selective forces and 
frequency dependent selection (Dobzhansky, 1970). 
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a) 	Single locus overdominance or heterosis. 
Theoretical discussion of whether polymorphism could be 
maintained at many loci by such a mechanism has been 
inconclusive (see Lewontin 1974 for review). If the average 
heterozygosity overall loci is 10% (a deliberate under-
estimate) it has been argued (Lewontin, 1976) that the 
average selective advantage at any locus could not exceed 
1%. This poses a paradox for the experimental investigator 
cf single locus overdominance. The study of selective 
differences of this order of magnitude requires experiments 
of a daunting scale (Prout, 1965); the discovery of a few 
polymorphisms maintained by stronger selective forces must 
limit the total number of balanced polymorphisms present 
in a population. 
A number of studies claiming to provide evidence of single 
locus overdominance in laboratory populations have been 
discussed by Jones and Yamazaki (1974). In each case 
laboratory populations have been established using relatively 
few inbred lines and their crosses. Heterozygotes at the 
locus under study are also heterozygous at many other loci 
and this condition will be maintained for loci linked to 
the marker locus. Effects of heterozygosity on fitness 
should be attributed to a linked block of loci rather than 
any particular locus unless there is also biochemical 
evidence for molecular heterosis. 
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In an attempt to avoid this effect Wills et al (reviewed 
in Wills, 1975) have inbred strains of D. pseudoobscura for 
38 generations while the strains have been kent heterozygous 
at the octanol deIydrogenase or esterase-5 locus. Even 
after this period no consistent evidence of overdominance 
was obtained. Replicates were still found to differ 
because of effects at linked loci. 
It has been proposed that molecular heterosis may arise 
from the unique properties of the heteropolymers of 
multimeric enzymes formed in heterozygotes (Manwell and 
Baker, 1970). Reports of heteropolymers having unusual 
properties are rare (but see Berger, 1974 and Singh et al, 
1974). Intermediacy of heterozygotes for most enzyme 
properties is more often observed (see later review of 
ADH literature). 
Harris et al (1977) and Ward (1977) have shown that monomeric 
enzymes are significantly more variable than multimeric 
enzymes. It is not clear how molecular heterosis might 
arise in the case of enzyme proteins which are active as 
monomers. 
In the absence of experimental evidence for single locus 
overdominance, it must be assumed not to play a significant 
role in the maintenance of genetic variation. It is possible 
that heterosis involving selective differences of the order 
of 12 does exist but it seems unlikely that present problems 
in experimental design will be overcome to study the 
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situation at many loci. Clearly the extensive variation 
in monomeric proteins cannot be maintained by overdominance 
unless intermediacy per se is selectively advantageous. 
b) 	Spatial or temporal variation in selective forces 
Theoretical analyses suggest that many 
and/or temporal variation in selective 
polymorphism (reviewed by Felsenstein, 
require that the relative fitnesses of 
different genotypes change with chang 
Heterozygotes need not have any unique 
polymorphism to be maintained. 
patterns of spatial 
forces can maintain 




That this form of selection may be important in the maintenance 
of some polymorphisms is most strongly suggested by clinal 
variation in gene frequencies with environmental factors. 
Regular seasonal variation in gene frequencies might also 
be the result of such selection. 
Extensive theoretical study of the effect of migration 
between populations differing in gene frequency has shown 
that stable dines can be established in the absence of 
selection (see Endler, 1973). The interpretation of clinal 
variation in gene frequencies is therefore very difficult. 
Dobzhansky (reviewed in 1970) has shown that many inter-
related environmental factors may shown spurious correlations 
with gene frequency changes at different locations or in 
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different seasons. Clines may be a transient phase in a 
chang .ingpopulation. Further, a dine selectively maintained 
at one locus may produce parallel dines at linked loci 
where linkage disequilibrium exists. To distinguish the 
locus at which selection is influencing gene frequencies 
it is then necessary to correlate environmental changes 
with differences in the allozymes' properties at a particular 
locus. 
A number of examples of gene frequency dines have been 
extensively studied. Christiansen and Frydenberg (1974) 
have shown that a parallel dine in the gene frequencies 
at two unlinked loci occur in Zoarces viviparous. Loci 
linked to these which differ in frequency among the populations 
show no clinal variation. Koehn (1969) found that a 
latitudinal dine in ecterase electromorph frequencies in 
Catostomus clarbil could be related to water temperature. 
Alternative genotypes at this locus showed a pattern of 
survival over a range of test temperatures which correlated 
well with the distribution of the electromorphs in nature. 
Clinal variation in the frequency of allozyme variants at 
the alcohol dehydrogenase (Adh) locus in D. melanogaster 
has been most extensively studied. Grossman et al (1972) 
demonstrated that the frequency of the ADH-F form of the 
enzyme increased at increasing altitude in three regions 
of the Soviet Union. A latitudinal dine of allozyme 
frequencies on the eastern seaboard of the United States 
of America was studied by Vigue and Johnson (1973). The 
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frequency of the AdhF allele increased towards more northerly, 
temperate latitudes. A parallel dine has been suggested 
to occur on the west coast of the United States of America 
(Voelker et al, 1977). In Mexican populations, Pipkin 
et al (1973 and 1976) found a dine of ADH allozyme 
frequencies with altitude 	The AdhF allele was again more 
common at higher altitudes. 
Johnson and Burrows (1976) have studied the Adh polymorphism 
in a small part of the east coast of the United States of 
America. 	They found that the gene frequencies at this 
locus were similar in four consecutive summers. The AdhF 
allozyme frequency was found to increase in winters. 
In each case environmental temperature has been argued to 
be the selective factor determining gene frequencies at 
this locus. In the studies of Grossman et al (1972) and 
Vigue and Johnson (1973) the properties of the allozymes 
were found to be consistent with this hypothesis. The 
AdhF allozyme is more active at low temperatures but less 
stable at high temperatures than AdhS. 
The combined evidence from four different geographical 
areas strongly suggests that this particular polymorphism 
is maintained by natural selection. Further laboratory 
experiments which confirm this impression are reviewed in 
Section 1.2. 
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If a large proportion of variation at other loci is main-
tained by such selective forces there are three predictions 
which might be made and tested; allozymes should differ 
igriificantly in their properties, populations in more 
variable environments should have more polymorphism and 
enzymesfor which substrate levels are more variable should 
show more polymorphism. 
1) 	Differences in the properties of allozymes 
Harris (1971) has reviewed a study of allozymic variation 
in man. Of 23 comparisons of pairs of allozymes, 16 were 
shown to differ significantly in at least one kinetic 
property. Many other comparisons of a few allozymes of 
specific loci have been reported (see Section 1.2 for Adh). 
The number of observations of no detectable differences 
which go unreported is unknown. 
Such differences do not indicate that the alternative forms 
are necessarily maintained by selection but unless significant 
variation does exist between them it is unlikely that 
alternative genotypes would have different fitnesses. It 
is possible that subtle differences not detectable by 
in vitro study might make a considerable difference in viva. 
In only a few cases have in vitro differences between 
allozymes been directly related to differences in fitness 
between genotypes in laboratory environments. De Jong and 
Scharloo (1976) have shown that allozymes of amylase in 
D. melanogaster differ in their substrate specificities. 
- 15 - 
These differences arereflected in the fitness of genotypes 
on a variety of culture media. Only in one other case, 
the Adh locus of D. melonogaster (see Section 1.2), has 
such a clear correlation been established between the 
properties of allozvmic forms and the fitnesses of different 
genotypes in a range of laboratory environments. 
2) 	The effect of environmental variation on polymorphism 
Two types of evidence suggest that populations in more 
variable environments have more genetic variation. 
Powell (1971) found that, while all populations of 
Drosophila newly introduced to a laboratory environment 
lose electrophoretic variation, populations kept in cages 
with more complex environments lose such variation more 
slowly. More complex environments had varying types of 
food oryeast or fluctuating temperature. 
Although the effect was clearly demonstrated, it is 
difficult to interpret such experiments. Whether the effect 
on variation at each locus is repeatable was not checked. 
It is possible that differences in the rate of loss of 
variation were due to differences in population sizes. 
Selander and Kauffman (1973) have shown that 
heterozygosity, as measured by electrophoretic variation, 
is much lower in populations of large mobile animals (most 
vertebrates) than in small immobile animals (most invertebrates). 
- 16 - 
They argue that vertebrates, with their large body size, 
greater mobility and improved physiological buffering, 
experience "fine-grained" environments and the optimum 
strategy under these conditions is to have a single pheno-
type specialised to the most frequent set of conditions. 
In "coarse-grained" environments, as experienced by most 
invertebrates, they argue that the optimum strategy is to 
have a range of specialised morphs which occur in the same 
proportion as the environmental patches. 
Since effective population sizes and neutral mutation rates 
are unknown in any species, it is impossible to predict 
levels of heterozygosity on a neutralist model. Such 
differences might be explained if all large mobile species 
had smaller effective population sizes than relatively 
immobile invertebrates or if the mutation rate to neutral 
alleles was significantly lower in all vertebrates. 
Although there is evidence from the work of Powell (1971) 
and Selander and Kauffman (1973) for a generalised effect 
of environmental heterogeneity on genetic variation, it 
will be necessary to study how variation at individual loci 
is directly affected by environmental heterogeneity before 
our understanding of this effect is complete. 
C) 	Substrate variability and enzyme polymorphism 
The argument of Selander and Kauffman (1973) that inverte-
brates experience a more heterogenous environment than 
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vertebrates can be extended to the level of enzymes. The 
substrates of some enzymes may be more variable than those 
of others and those of invertebrate enzymes more variable 
than vertebrates. 
Several attempts have been made to classify enzymes 
according to the variability of their substrates. Classifi-
cation is based on ad hoc arguments about the metabolic 
source of the substrate and the in vitro function of the 
enzyme. No emp%r.'cal measurement of variation in substrate 
levels has been undertaken. 
Data from several surveys consistently show that those 
enzymes classified as having variable substrate levels 
or broad specificity tend to be more variable (Johnson, 
1974a). This is true of the enzymes of vertebrates and 
invertebrates. 
Ward (1977) has suggested that the quaternary structure 
of the enzymes in these two classes are different. Variable 
substrate enzymes are almost always monomeric or dimeric 
whereas a considerable proportion of enzymes classified 
as having less variable substrates are tetrameric. Since 
tetrameric enzymes are generally less variable, much of 
the difference in variability between the classes of 
enzymes can be explained by the difference in the proportion 
of enzymes which are tetrameric. Dimeric and monomeric 
enzymes of the two groups have similar levels of heterozygosity. 
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The arbitrary methods of classifying enzymes and the 
results of Ward (1977) make conclusions difficult. Enzymes 
of invertebrates are generally more variable than those 
of vertebrates but differences between groups of enzymes 
are not clear. Any effect of substrate variability on 
enzyme variation within species would seem not to be large. 
It is probable that only those loci at which there is 
evidence for large selective differences will be studied 
extensively. Experimental problems of investigating 
variation maintained by selective advantages of the order 
of one percent or less may preclude such studies. In this 
situation it is difficult to make assertions about the 
proportion of loci at which variation is maintained by 
natural selection since we are only investigating the 
upper range of an unknown distribtuion of selective values. 
3) 	Frequency dependent selection 
Theoretical models (reviewed by Lewontin, 1974) have shown 
that, with frequency dependent selection, stable equilibria 
of gene frequencies are possible in the absence of heterosis. 
At equilibrium all genotypes are equally fit and no genetic 
load is incurred. 
The models require that various genotypesexploit different 
components of the environment. The relative proportions 
of alternative environments and the relative fitnesses of 
genotypes within each determine the equilibrium gene 
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frequencies. Such models require, as in (2), that allozymic 
forms differ sufficiently in their properties to affect 
fitness. 
Drosophila strains differing at many loci or carrying 
different chromosomal inversions show such frequency dependent 
effects on fitness (reviewed by Dohhansky, 1970). Studies 
of allozymic variants at individual genetic loci are 
subject to the same experimental design problems as 
investigations of single locus overdominance (reviewed 
earlier). 
Yarbrough and Kojima (1967) and Kojima and Tobari (1969) 
have presented experimental data suggesting that variation 
at the Adh and Esterase-6 loci of Drosophila melanogaster 
is maintained by frequency dependent selection. A limited 
number of strains were used to produce heterozygotes. 
Experiments of improved design have given conflicting 
results. Jones and Yamazaki (1974) and Dolan and 
Robertson (1975) have failed to find frequency dependent 
effects at loci studied, whereas Morgan (1976) has presented 
clear evidence that such effects exist under some 
environmental conditions. 
De Jong and Scharloo(1976) have found that frequency 
dependent selection may be operating on variation at the 
amylase locus in D. melanogaster. Only in this case have 
changes in fitness been related to differences in the 
properties of the allozymes studied. 
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If frequency dependent selection is responsible for the 
maintenance of polymorphism at many loci, we must postulate 
that the natural environment is complex enough to offer 
alternative niches to individuals according to their geno-
type at these loci. In a species where 1000 loci each have 
2 alleles maintained in this way every individual has a 
rare, if not unique, combination of genotypes. 
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In summary, experiments on laboratory and natural populations 
have failed to reveal the widespread action of balancing 
natural section in maintaining genetic variation. Convincing 
evidence of selection has been established for very few 
loci. Problems of experimental design and small selective 
differences for most loci will make many more such studies 
unlikely. 
Such a situation is consistent with the predictions of the 
neutralist hypothesis. Even in its most extreme form, 
this hypothesis allows that a few polymorphisms may be 
maintained by strong balancing selection. 
Further support for the neo-classical view has come from 
the study of molecular evolution. Kimura and Ohta (1971a) 
argued that the majority of polymorphism arises as part 
of the process of molecular evolution. Under the influence 
of random genetic drift selectively equivalent isoalleles 
may exist at intermediate frequencies for some time before 
loss or fixation. In contrast Clarke (1970) has argued 
that balanced polymorphisms may persist over long periods 
of evolutionary time. 
The strongest evidence that the amino acid substitutions 
which occur in molecular evolution are neutral comes from 
the demonstration that those proteins or parts of proteins, 
which have fewest structural or functional constraints 
evolve fastest. King and Jukes (1969) have argued that 
neutral mutations are more likely to arise at such amino 
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acid sites. Although the ranking of a series of proteins 
according to their relative functional constraints is open 
to criticism, plausible ad hoc rationalisations of 
differences in rates of evolution can be made. 
Parts of proteins which are removed to produce active 
enzyme tend to evolve faster than those involved in the 
enzymes reactions (10 times faster in the case of the 
proinsuljn polypeptides). Proteins involved in complex 
quaternary interactions with other molecules show the 
lowest rates of evolution (King and Jukes, 1969 and 
Dickerson, 1971). 
To explain this pattern as the product of amino acid 
substitution by natural selection would be to argue that 
selectively superior mutations are more frequent in those 
proteins or parts of proteins whose functions suggest they 
could have relatively little effect on the fitness of 
individuals. It is possible to argue that the amino acid 
substitutions in molecular evolution may be neutral while 
a significant proportion of variation present in natural 
populations is selectively maintained. This may be true 
if the same balanced polymorphisms are maintained over long 
periods of evolutionary time. Unfortunately no study has 
yet been undertaken to compare the present level of 
heterozygosity in a number of proteins with their rates 
of evolution. The proteins used in surveys by electro-
phoresis have rarely been sequenced and proteins of known 
sequence are rarely studied for their present levels of 
variation. 
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In view of the failure of experiments to demonstrate the 
effect of selection at many loci and the consistency of 
the neutralist hypothesis with all observations, the balance 
of evidence must favour the neo-classical view. It may 
be argued that selective differences at individual loci 
are too small to be detected by present experimental 
techniques. If this is the case there is little possibility 
of convincingly proving that the majority of variation is 
maintained by balancing selection. 
The fact that gel electrophoresis does not detect all allelic 
variation has a serious effect on the interpretation of 
experimental results. Although this fact was acknowledged 
when the method was first applied, (Shaw, 1965 and Lewontin 
and Hubby, 1966) there has been a strong tendency to discuss 
the distribution of electrophoretic variation as though 
it represented the total variation at each locus. If our 
expectation is that variation in amino acid sequence occurs 
amongst proteins of the same electrophoretic mobility, 
great care must be taken in the interpretation of distributions 
of electromorphs. 
The Adh locus of D. melanogaster will be used as an example 
of possible misinterpretation. As discussed previously 
this enzyme has two common electrophoretic forms in natural 
populations. Gene frequencies at this locus have been 
shown to vary clinally with latitude or altitude over 
large areas of the United States of America, the Soviet 
Union and Mexico. Although no attempt has been made to 
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compare in detail the properties of ADH enzyme from these 
populations, distribution of these electromorphs within 
and between continents has been discussed as though all 
AdhF and AdhS allozymes have identical properties (Grossman 
et al, 1972, Vigue and Johnson, 1973, Pipkin et al, 1973, 
1976 and frequent reviews, see Lewontin, 1974). 
These properties have been characterised in a few inbred 
strains or laboratory stocks (Grossman et al, 1972, Vigue 
and Johnson, 1973, and Day et al, 1974 a, b, c). Surveys 
of variation in ADH activity within electrophoretic classes 
have been performed by Hewitt et al, 1974, Ward et al, 1972, 
1974, 1975, Birley and Barnes, 1973, 1975 and Barnes and 
Birley, 1975). These studies have demonstrated that it 
may be naive to discuss the distribution of electromorphs 
in terms of the enzyme activities present in a few inbred 
strains homozygous for either electromorph since a large 
proportion of the variation in ADH activity present is 
attributable to segregation at loci other than Adh. 
Laboratory experiments designed to study the selective 
forces affecting this polymorphism has generally used very 
few representatives of each electromorph (e.g. Yarborogh 
and Kojima, 1967). Rarely are experiments designed to 
detect variation within e1ectromorth classes. 
It is clearly necessary to estimate the amount of hetero-
geneity within electromorph classes before discussing their 
distribution in populations in terms of selective models. 
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Even though the gene frequency distribution may show 
parallel changes over different continents it is necessary 
to establish similarities and differences between enzymes 
from these regions. 
In order to assess the dangers of discussing the distribution 
of electromorphs at this locus in terms of the properties 
of the enzymes of a few inbred strains, the literature 
concerning the basis of the charge-state model of protein 
variation and the expected heterogeneity within electromorph 
classes will be reviewed. Alternative methods available 
for detecting such variation will be discussed and a review 
of the genetics of the Adh locus in Drosophila melanogaster 
will be made. 
- 26 - 
SECTION 1.2.1 	Biochemical basis of the charge-state model 
- "'Lad 
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assumes that electrophoretic variation arises by unit 
charge changes. Amino acid substitutions involving the 
exchange of one of the 16 "neutral" amino acids with one 
of the two "basic" or two "acidic" amino acids would result 
in a charge change of + 1. 
It is possible for proteins which have undergone a series 
of amino acid substitutions to have the same net charge 
although they differ in amino acid sequence. The model 
of Ohta and Kimura (1973) did not consider the ± 2 charge 
changes involved in the exchange of an acidic and a basic 
amino acid. Brown et al (1975) have shown that such 
substitutions may be relatively infrequent and do not 
alter conclusions qualitatively. 
All theoretical studies using this model have predicted 
that the electromorph classes observed in natural populations 
will be heterogeneous with respect to amino acid sequence 
(Ohta and Kimura, 1973, 1974 and 1975, King and Ohta, 1975, 
Wehrann, 1975, Brown et al, 1975, and Marshall and Brown, 
1975). 
Maynard Smith (1972) and King (1974) have argued that the 
number of sites at which selectively neutral electrophoretic 
variation may occur is limited (perhaps 10 or less). This 
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implies that the range of electrophoretic charge observed 
in surveys of even the largest populations will be restricted. 
Johnson (1971, 1974b, 1975, 1976, 1977) has questioned many 
of the assumptions of the charge state model. He claims 
that six amino acids have side groups which might be 
charged in aqueous solution. Moreover, he argues that, 
in the range of pH values at which electrophoresis is 
normally performed, only a proportion of histidine and 
tyrosine residues may be charged. This would give rise to 
non-unit change differences between proteins. 
Histidine residues may be charged 50% of the time at pH7 
but only 1% of the time at pH9, tyrosine residues are all 
charged at pH7 but only 80% at pH9. The PKa  values of 
these residues also varies with their position in an amino 
acid sequence. Thirteen tyrosine residues in papain have 
values ranging from 8.5 to 14 (Glazer and Smith, 1961). 
This implies that whether or not substitutions involving 
histidine or tyrosine will be detected by electrophoresis 
will depend on the conditions under which it is performed. 
At some pH values non-unit charge changes may be observed. 
There is some evidence that under carefully controlled 
electrophoretic conditions where the pH is near the iso 
electric point of the protein such non-unit charge changes 
may be detectable. Huens (1968) has shown that haemoglobin 
variants of known sequence may show non-unit changes in 
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electrophoretic mobility. Similar data have been presented 
for mutant forms of the tryptophan syiithetase protein of 
E. coli (Henning and Yanofsky, 1963). Both studies dealt 
with abnormal proteins and it is not clear to what extent 
gross differences in conformation of the variant forms 
contributed to the altered electrophoretic mobility. 
G.B. Johnson (1971 to 1977) has presented evidence that 
non-unit charge changes can be detected in the absence of 
conformational changes. In these studies enzymes are 
classified according to their electrophoretic mobility, 
relative to standard proteins, in a range of conditions of 
pH and gel pore size. 
It seems probable that, under the conditions of electrophoresis 
used in routine population surveys, only unit charge changes 
are being detected. In surveys where large numbers of 
electromorphs occur at a number of loci (see Ayala et al, 
1974), even spacing between electromorphs has been observed. 
However, the difference between the fastest and slowest 
migrating forms may be only 8-16 1,"0 of the sample migration 
path and electromorphs may be separated by as little as 
1 mm. Such poor resolution combined with experimental 
variation makes it unlikely that non-unit charge changes 
would be detected. 
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SECTION 1.2.2 	The proportion of alleles detected by 
electrophoresis 
Assuming that we are always dealing with electrophoretic 
surveys in which non-unit charge changes go undetected, it 
is necessary to estimate the proportion of genetic variation 
this process is revealing. Two types of variation will 
not be detected: (a) mutations may occur which change 
amino acid sequence without changing electrophoretic 
mobility (b) proteins may have the same net charge although 
differing in the combination of amino acids contributing 
to this charge. 
The amino acid composition of the "average protein" has 
been calculated from accumulated data on protein sequences 
(King and Jukes, 1969). From this it has been estimated 
that 33% of all single base substitutions leading to a 
change in amino acid will produce a change in the net charge 
of the protein. Such calculations make many assumptions 
about the randomness of mutation, the frequencies of codons 
and the acceptability of mutations for the combined function 
of the protein. 
Marshall and Brown (1975) have calculated that only 16% 
of the amino acid substitutions known to have occurred in 
molecular evolution would involve a change of net charge 
of the protein. This suggests that a certain proportion 
of mutations possible by single base substitution may not 
be consistent with the normal function of enzymes. 
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Further, Chothia (1976) has shown that proteins differ in 
the proportion of their amino acids which are "buried" 
i.e. inacessible to solvent. Although charged amino acids 
tend to occur on the surface of folded proteins, some 
sites at which changes involving these amino acids might 
occur will not contribute to the net charge of the protein. 
For six proteins studied the proportion of amino acids which 
are buried varies from 32% to 60%. On this basis it might 
be argued that charge changes at only 40% to 68110 of sites 
could affect electrophoretic mobility. 
Maynard Smith (1972) and King (1974) have suggested that 
the number of sites at which amino acid substitutions 
affecting charge can be selectively neutral is limited 
(perhaps 10 or less). Although the range of observed 
electrophoretic mobilities is reduced by this effect, 
King (1974) predicts great heterogeneity within all 
electromorph classes. 
It is not yet possible to predict the extent of this 
heterogeneity. Chakraborty and Nei (1976) and Nei and 
Chakraborty (1976) have argued that the probability of 
identity of two proteins of the same electrophoretic 
mobility may be as high as 0.6. This model is based on 
an infinite site approach and there is no restriction of 
the charge range in which variation may occur. 
In the absence of sound theoretical predictions about the 
efficiency of electrophoresis in detecting amino acid 
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substitutions it is necessary to investigate alternative 
methods for measuring allelic variation. Such methods will 
be discussed in the next section. A reasonable upper 
limit to this efficiency may be the 16% figure derived by 
Marshall and Brown (1975) as the proportion of single amino 
acid substitutions that have occurred in molecular 
evolution which might have been detected by electrophoresis. 
All the other affects discussed here further lower the 
expected efficiency. 
This implies that, although the levels of heterozygosity 
revealed by electrophoresis have been regarded as high, we 
should expect that much allelic variation remains 
undiscovered. 
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SECTION 1.2.3. Alternative methods of detecting variation 
at loci coding for polypeptides. 
A complete account of variation at any locus would involve 
the full DNA sequence of the gene from a large number of 
individuals. The technology necessary to perform such a 
survey has been developed only recently. RNA sequences 
of histone genes from sea urchin species and the haemoglobin 
genes of the rabbit and man have already been studied 
(Salser et al, 1976 and Grunstein et al, 1976). No 
estimate of variation in RNA sequences within species has 
been made. 
The technology necessary for the sequencing of amino acids 
in proteins has been available for some time and a number 
of proteins have been sequenced in many species (see 
Dayhoff, 1972). Despite this capability no extensive study 
of variation in the amino acid sequence of a protein within 
a species has been undertaken. 
Boyer (1972) has used the technique of peptide fingerprinting 
to study variation of haemoglobin sequences in higher 
primates. Although small numbers of individuals were 
studied for each of five species, seven different amino 
acid sequences were found in a total sample of seventy 
allelle products. Of these seven sequences only two had 
been distinguished by electrophoresis of the protein. 
0 
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Since the determination of amino acid or nucleic acid 
sequences involve complex extraction, purification and 
analytical techniques, it seems unlikely that any large 
scale surveys of variation within species will be under-
taken by such methods. It is therefore necessary to 
develop efficient methods which will still detect a large 
proportion of amino acid substitutions in proteins. 
Unless the proportion of substitutions detected by any 
method is known it is impossible to estimate the absolute 
levels of variation within populations although such 
methods may be valuable for measuring the relative variation 
of different proteins or of a group of proteins in different 
populations or species. 
The technique of gel electrophoresis has been used extensively 
in surveys of variation of soluble enzymes and structural 
proteins (see Section 1.2.2). The proportion of substitutions 
which are detected by routine gel electrophoresis as 
practised in most laboratories is not clear. It is unlikely 
to be more than one third, but may be considerably less. 
On the basis of surveys by gel electrophoresis of proteins 
in sexually reproducing animal species (summarised in 
Lewontin, 1974) one third of loci are polymorphic and 
individuafs are heterozygous at ten per cent of their loci. 
Even if one third of all amino acid substitutions are 
detected by routine electrophoresis this may imply that 
almost all loci are polymorphic and individuals heterozygous 
at thirtyper cent of loci. 
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In view of doubts about the proportion of protein variation 
detected by electrophoresis, a number of different techniques 
have been used to measure the extent of electrophoretically 
silent protein variation. These techniques will be reviewed 
here to assess qualitatively or, if possible, quantitatively 
their efficiency at detecting such variation. 
a) 	Varying conditions of electrophoresis 
Johnson (1976, 1977) has argued on the basis of his own 
experimental results and those of Henning and Yanofsky (1963) 
and Huehns (1968) that, although routine electrophoresis 
may detect unit charge changes on the surface of protein 
molecules, non-unit charge changes and conformational changes 
may also occur which are only detectable by more rigorously 
controlled conditions of electrophoresis. 
Five species of Colias butterflies which had previously 
been shown to contain only two distinguishable electromorphs 
of m -glycerophosphate dehydrogenase in 5 per cent poly-
acrylamide gels were subsequently shown to contain at least 
5 different forms of the enzymes when classified according 
to their mobility on acrylamide gels of varying pore size 
(Johnson 1976). 
Similarly Johnson (1977) has revealed 103 variants at 
14 loci in Colias butterflies. Of these 30 differ only 
in net charge (not all of which are detectable by routine 
electrophoresis), 18 differ in conformation and 55 differ 
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in both. Thus, Johnson comcludes that conformational 
differences and charge differences undetected by routine 
electrophoresis distinguish many variants present in 
natural populations. More than 3.5 times as many variant 
forms are detected as were detected by routine electrophoresis. 
Using a series of four classifications according to the 
mobility of xanthine dehydrogenase (XDH) proteins of 
D.pseudo-obscura in different conditions of pH and acrylamide 
concentration, Singh et al, (1976) detected 27 different 
forms amongst 146 strains. Routine gel electrophoresis 
of the same strains had revealed only 6 electromorphs. 
Coyne (1976), studying xanthine dehydrogenase enzymes in 
D.persimilis under a similar range of conditions, discovered 
23 different forms where only five electromorphs had been 
detected. 
McDowell and Prakash (1976) have demonstrated that two 
electromorphs of the Esterase-5 locus in D. pseudo-obscura 
can be resolved into 9 distinct forms using a series of 
acrylamide and starch gel conditions during electrophoresis. 
With the reservation that full genetic analyses have not 
been performed to show that all of the differences detected 
are allelic it is clear that such techniques reveal extensive 
variation not apparent in routine electrophoresis. No 
attempt has been made to estimate the proportion of amino 
acid substitutions which might be detectable by such methods 
but it might reasonably be argued that this proportion would 
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vary significantly for different proteins depending on their 
tertiary and quaternary structures. For this reason it is 
not possible to estimate the efficiency of routine electro-
phoresis accurately from these data. However in the case 
of the Xdh locus of D. pseudo-obscura and D. persimilis 
where a total of 50 variant forms were detected among eleven 
electromorphs (Singh et al, 1976 and Coyne, 1976) it is 
clear that the efficiency of routine electrophoresis is 
not one third but considerably lower. 
b) 	Iso-electric focussinggels 
Forms of a protein which differ in electrophoretic mobility 
also differ in the pH value at which their net charge is 
zero, their iso-electric points (O'Brien and McIntyre, 1972 
and Day and Needham, 1974). Some evidence suggests that 
differences in iso-electric points are found within electro-
morph classes. 
Johnson (1976) found that allelic differences not revealed 
in routine electrophoresis were detectable by iso-electric 
focussing. Similarly Amneus (1976) found that the 
chymotrypsinogen of inbred strains of mice were distinguish-
able by iso-electric focussing although of the same electro-
phoretic mobility. 
No attempts were made to estimate the efficiency of this 
technique in either study. However the fact that further 
heterogeneity amongst allele products is detectable by 
modifications of electrophoresis is emphasised again. 
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C) 	Immunological properties of proteins 
To characterise the immunological properties of a protein 
requires extensive purification of that protein. Although 
many proteins have now been purified a study of the 
immunological variation of proteins within species has not 
been carried out. A number of immunological methods might 
be used to detect such variation. 
Antibody titration. This technique has been used 
to compare the catalytic efficiency of electromorphs 
(Day et al, 1974b, and Schwartz and Sofer, 1976) but is 
a poor indicator of changes in antigenic specificity. 
Immunodiffusion techniques. Van Regenmortel (1967) 
found that amino acid substitutions at seven out of 
nineteen positions tested resulted in immunologically 
distinguishable variants of the tobacco mosaic virus coat 
protein. These were not a random sample of variants but 
were the coat proteins of 'strains' of the virus and, 
perhaps, particularly likely to differ in such properties. 
In contrast Tashian et al (1968) demonstrated that carbonic 
anhydrase of humans, macaques and green monkeys are 
immunologically identical by such methods despite considerable 
divergence in amino acid composition. 
Complement fixation. Reichlin et al (1966) showed 
that known variant forms of human haemoglobin could be 
distinguished using complement fixation which measures the 
relative affinities of two proteins for antibody molecules. 
Differences between the lysozyme enzyme s of bird species 
were detectable by this method (Arnheim and Wilson, 1967) 
although immunodiffusion techniques had detected no 
differences. 
Cocks and Wilson (1969) were able to distinguish seven of 
eight electrophoretic forms of bacterial alkaline phosphatase 
whereas Murphy and Mills (1968) failed to distinguish any 
of twenty six forms of E. coli tryptophan synthetase-a 
of known amino acid sequence. 
Clearly even complement fixation, the most sensitive of 
these immunological techniques, is not consistently 
sensitive to single amino acid substitutions. Although 
major conformational differences are readily detectable 
by such techniques their sensitivity to substitutions of 
single amino acids even on the surface of proteins is 
uncertain and they are of limited value. 
d) 	Denaturation 
Protein denaturation is generally studied using either 
chemical agents or high temperatures. Of these heat 
denaturation has been found to be a sensitive indicator of 
differences in enzyme proteins. For example,the sixfold 
difference in the rate of denaturation of haemoglobin A 
and A2 at 45°C has been accounted for by the establishment 
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of one extra hydrogen bond within the A 2 molecule and two 
extra non polar interactions (Perutz and Raidt, 1975). 
Thermal inactivation of enzymes is typically a first order 
reaction and the rate of inactivation doubles with a 1 °C 
rise in temperature (Paigen, 1971). This sharp temperature 
dependence reflects the large energy of activation of the 
process (200 - 300 Kcals.). A mutation which doubled the 
rate of inactivation need only change this energy of 
activation by 500 calories, a change consistent with the 
loss or gain of a single salt bridge, hydrophobic or 
hydrogen bond or a few non-polar bonds in a protein molecule. 
The proportion of random amino acid substitutions which 
will affect significantly the heat stability of a protein 
has been estimated to be at least 50 per cent by Paigen 
(1971) on the basis of 2 studies. Langridge (1968) 
substituted serine for the original amino acid at 49 sites 
in the .galactosidase protein of E. coli. Seventy per cent 
of these substitutions had an effect on the heat stability 
of the enzyme. However,many of the substitutions also had 
such a large effect on the activity of the enzyme as to 
make the enzyme abnormal in function. Such mutations would 
not he expected to contribute to polymorphic enzyme 
variation in natural populations. In six of the seven 
cases where activity was greater than 50 per cent of wild-
type levels the proteins could be distinguished by heat 
stability differences. Lehmann and Carrell (1969) 
studying known variants of haemoglobin estimated that the 
MORLOM 
substitutions of a polar amino acid significantly affected 
thermostability of the protein in 50 per cent of cases. 
It has been demonstrated that the heat stability of a 
protein may be either increased or decreased over a wild-
type protein without a significant loss of activity or 
drastic change in conformation (Yutani et al, 1977). 
In a recent study of a number of proteins containing 
substitutions which do not significantly reduce enzyme 
activity Langridge (1974) has found that 11 of the 18 
proteins (61 per cent) can be distinguished from the wild-
type protein on the basis of a simple classification of 
heat-resistant or heat-sensitive. 
Such empirical studies are valuable in that they allow 
the prediction that variation in the heat stability of 
proteins may be a more sensitive detector of allelic 
differences than the other methods discussed here. The 
experiment of Langridge (1974) probably gives our best 
estimate of the efficiency of this method at detecting 
substitutions as approximately 60 per cent. 
Although it has frequently been observed that allozymic forms 
of enzymes also differ in their heat stability (see especially 
Harris, 1971) relatively few surveys have as yet attempted 
to use this property to detect variation within species. 
Wright and McIntyre (1965) reported differences in the 
heat stability of esterase-6 enzyme of the same electro- 
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phoretic mobility in D. melanogaster. Only a restricted 
genetic analysis of these differences was performed. 
Eighty six inbred lines from eleven species of the D. virilis 
group were tested for the heat stability of their xanthine 
dehydrogenase activity by Bernstein et al (1973). After 
fifteen minutes at 71 °C the enzyme was exposed to electro-
phoresis and scored for the presence or absence of activity. 
This rather subjective classification of strains allowed 
11 electromorphs to be resolved into 32 classes on the basis 
of both electrophoresis and differences in heat stability. 
In a similar study of the octanol dehydrogenase enzyme 
in these species Singh et al (1975) discovered 18 types 
of enzyme protein based on electrophoresis and heat 
stability differences where only three electromorphs were 
known previously. Since much of the variation in these 
studies was between the enzymes of different species a full 
genetic analysis was not possible. 
Cochrane (1976) has examined 106 strains of D. melanogaster 
homozygous at the esterase-6 locus for differences in 
heat stability of the enzyme. The four known electromorphs 
were subdivided into a total of seven groups on this basis. 
Some genetic analyses were performed suggesting that these 
differences in heat stability were allelic. 
A few smaller surveys of natural populations have been 
performed (Narise 1973 and Trippa et al, 1976) and surveys 
of laboratory stocks have also revealed some heterogeneity 
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within electromorph classes (Thong et al, 1975 and 
Milkman, 1976). 
Singh et al (1976) have combined heat stability differences 
and varying electrophoretic conditions to resolve variation 
within electromorphs of xanthine dehydrogenase of 
D. pseudoobscura. Problems of changing heat stability with 
age of flies and lack of repeatability led them to the 
'conservative' estimate that the 27 classes recognised by 
various electrophoretic techniques could be further 
resolved into 37 classes by the criterion of heat stability. 
In this case a more rigorous genetic analysis was performed 
which showed that differences in heat stability of the 
enzyme were associated with the structural locus of 
xanthine dehydrogenase. Only six electromorphs were 
previously known at this locus by routine electrophoresis. 
All studies consistently indicate that heterogeneity 
amongst enzymes of the same electrophoretic mobility can 
be detected on the basis of the heat stability of enzyme 
activity. Because genetic analyses have not always been 
performed it is dangerous to assume that all the differences 
detected are due to differences in amino acid sequences 
rather than the effects of genetic background. 
Taking a conservative estimate based on these studies that 
the number of allelic variants detected by combining electro-
phoresis and heat stability is twice the number detected 
by electrophoresis alone and assuming that routine electro-
phoresis detects one third of all amino acid substitutions 
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this implies that heat stability differences may distinguish 
one half of all amino acid substitutions and that the 
combination has detected two thirds of all the variant 
protein sequences present. This calculation also assumes 
that protein variants differing in electrophoretic mobility 
are no more or less likely to differ in their heat stability 
than proteins differing in electrophoretically silent ways. 
No evidence exists as to whether or not this is true. 
A conservative estimate of fifty per cent for the efficiency 
of using heat stability differences as a criterion for 
distinguishing protein variants suggests that this criterion 
should be widely used in surveys of protein variation. 
d) 	Kinetic properties of enzymes 
Although allozymes at most loci can be shown to differ 
in at least one kinetic parameter such as their Michaelis' 
constants or specific activities (Harris, 1971) the 
technical effort involved in estimating such properties for 
the enzymes of more than a few individuals has limited 
their use in surveys of enzyme variation. Properties such 
as enzyme activity in extracts or the amount of enzyme 
protein present are not useful in the study of that enzyme's 
structural locus since they are affected by other loci 
(e.g. see Ward, 1975). Rare variants with low levels of 
activity due to mutations to inactive or unstable protein 
may occur at many loci, however such variants are unlikely 
to contribute significantly to heterozygosity in species. 
The most extensive survey of population variation for such 
an enzyme property has investigated variation in dimerising 
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1976). Three new types of esterase-5 monomers were discovered 
on the basis of their ability or inability to form dimers 
with other esterase-5 monomers. Nine electromorphs were 
previously known at this locus. 
The efficiency of using such kinetic properties of enzymes 
in detecting protein variation is unknown. It may be argued 
that variant proteins with detectably different kinetic 
properties are unlikely to be neutral or maintained in the 
population by balancing selection. On the other hand it 
is possible that all amino acid substitutions will affect 
at least one kinetic property however slightly. In view 
of the technical problems involved in estimating accurately 
such properties for the enzymes of many individuals it 
seems unlikely that such methods will contribute to 
future surveys. 
In summary, two methods may prove effective in furthering 
our efficiency of measuring genetic variation in proteins. 
These might conveniently be used together with routine 
electrophoresis in surveys of variation. 
The first is a system of classifying proteins according to 
their relative mobilities under a series of electrophoretic 
conditions. Besides changes in protein net charge this 
method is believed to detect non-unit charge changes and 
changes in protein conformation. 
- 45 - 
The second is the use of differences in heat stability of 
proteins differing in amino acid sequence. Many amino acid 
substitutions which do not affect electrophoretic charge 
are known to affect this protein property. 
The efficiency of these methods at detecting single amino 
acid substitutions or alleles in a population is difficult 
to estimate. However, in both cases it seems probable that 
the methods are at least as efficient as routine gel 
electrophoresis. 
a 
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SECTION 1.2.4 The alcohol dehydrogenase locus in 
Drosophila melanogaster 
The enzyme alcohol dehydrogenase (ADH; EC 1.1.1.1) 
catalyses the oxidation of alcohols with the concurrent 
reduction of the co-factor nicotinamide adenine dinucleotide 
(NAD) yielding on aldehyde or ketone and reduced NAD (NADH) 
as the products. Although activity is shown towards a 
wide range of alcohols in vitro there is a marked substrate 
preference for secondary alcohols (Sofer and Ursprung, 
1968). 
The sensitivity to environmental alcohols of strains 
showing very low or zero levels of ADH activity suggests 
that the oxidation of alcohols is at least one of the 
in vivo functions of the enzyme (Sofer and Hatkoff, 1972). 
The fact that such strains develop normally in the absence 
of environmental alcohol suggests that the enzyme performs 
no function necessary for development. 
Isozymes of ADH 
Early studies involving the use of a wide variety of 
electrophoretic and staining techniques reported observations 
of ADH activity occurring in multiple molecular forms 
(Johnson and Denniston 1964, Grell et al 1965, Ursprung and 
Leone 1965). The estimated number of these forms varied 
from two to ten. Resolution of this situation has involved 
extensive genetic analyses and the isolation of individual 
molecular forms. 
Johnson and Denniston (1964) reported the occurrence of 
2 bands of activity in extracts of single flies after 
electrophoresis. More sensitive staining procedures 
revealed that individual flies (homozygous for an allozyme 
of ADH) produced three bands on electrophoresis. Additional 
bands observed by Ursprung and Leone (1965) were shown to 
be the product of a separate genetic locus, Octanol 
Dehydrogenase. 
Under the conditions of culture and electrophoresis in 
another laboratory Dunn et al (1969) observed five 
isozymic forms of ADH of which two occured infrequently 
and at low concentration. No further study of these 
additional two isozymes has been carried out and ADH is 
generally considered to have three major isozymic forms 
(ADH 5, ADH 3 and ADH 1 in order of mobility towards the 
anode in electrophoresis). 
Schwartz et al (1975) have shown by peptide fingerprinting 
that the three forms have the same amino acid sequence. 
This strongly suggests that the three forms derive from a 
single polypeptide subject to post-translational 
modification. Genetic evidence that the three forms are 
coded by the same genetic locus was first presented by 
Grell et al (1965). 
Ursprung and Carlin (1968) observed that the relative 
amounts of the three isozymes could be altered by in vitro 
treatments. When the co-factor NAD was present in solution 
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or in gels during electrophoresis the more anodic forms ADH1 
and ADH3 became more common. The conversion of purified 
ADH5 to ADH1 was performed by Jacobson (1968) using NAD. 
More recently Jacobson et al (1972) have shown that the 
conversion can be effected by acetone in the absence of 
added NAD although NAD is associated with isozymes 1 and 
3 on conversion. The most efficient conversion is obtained 
using an acetone-NAD complex which is a common inipuritv 
of commercial preparatiorof NAD. 
In vivo conversion of isozymes has been shown to occur 
on the addition to the culture medium of acetone or any 
of a number of low molecular weight compounds possessing 
a secondary alcohol or carbonyl group, (Schwartz and Sofer 
1976). All of these compounds form complexes with NAD. 
It has been suggested that the binding of one or two 
molecules of acetone-NAD complex would account for the 
changes of electrophoretic mobility on conversion of ADH5 
to ADH3 or ADH1 respectively (Jacobson 1968, Schwartz 
and Sofer, 1976). However, Knopp and Jacobson (1972) have 
shown that the conversion is accompanied by a shift in the 
protein fluorescence spectrum indicating that the protein 
undergoes a conformational change on binding the addition 
complex. 
Properties of isozymes 
Besides the properties of electrophoretic mobility and 
bound co-enzyme the isozymes have been found to differ in 
a number of other in vitro properties. In vivo properties 
have been investigated rarely. 
Early observations that the more anodal isozymes appeared 
to be more resistant to heating of the gels after electro-
phoresis (Grell et al, 1968) were confirmed using purified 
isozymes by Jacobson (1968)and Day and Needham (1974) 
That these differences were true of isozymes in crude 
extracts was suggested by Gibson (1970) and Day et al (1974a). 
More anodal forms are more stable on heating; ADH5 is 
unstable at 40°C whereas ADH3 and ADH1 are stable. 
Differences in specific activity of the isozymes have 
been demonstrated by Jacobson et al (1970), Day and 
Needham (1974) and Schwartz and Safer (1976). Generally 
the more anodal forms of the enzyme have lower specific 
activities. Day and Needham (1974) further showed that 
the ADH5 and ADH3 isozymes of the AdhS allozyme differ 
in their K 1 (ethanol) values. Under some conditions 
of conversion the ADH1 isozyme formed is inactive until 
excess NAD bound to it is released by dialysis or electro-
phoresis (Jacobson et al, 1972). 
Structure of alcohol dehydrogenase 
Early reports gave conflicting estimates of molecular 
weight and subunit arrangement. Sofer and Ursprung (1968) 
estimated the molecular weight of active dimers to be 
4.4 x 10 Daltons whereas Jacobson and Pfuderer (1970) 
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presented evidence for a molecular weight of 6 x 10 4 
Daltons and an active enzyme composed of eight subunits. 
Recent estimates (Schwartz et al, 1975 and Thatcher, 1977) 
agree that the active enzyme is a homodimer of molecular 
weight 4.8 x 10 Daltons. 
Two estimates of the number of amino acid residues present 
in the protomer differ considerably. Schwartz et al (1976) 
estimate that the number of residues is approximately 
240 whereas Thatcher (1977) presents evidence for 220 
residues. It is probable that a complete sequence will 
be known in the near future to resolve this problem. 
The dimeric structure suggested for the active enzyme is 
consistent with evidence from genetic and complementation 
experiments (Grell et al, 1968 and Schwartz and Sofer, 
1976) as well as explaining the staining pattern observed 
after electrophoresis of extracts of allozymic heterozygotes. 
Genetics of the Adh locus 
Grell et al (1965 and 1968) used a number of electrophoretic 
variants of the enzyme to map the Adh locus at position 
50.1 on chromosome 2. This locus is situated between 
bands 34E3 and 35D1 of salivary gland chromosome 
preparations (Grell et al, 1968). 
Efficient screening methods for mutations at the Adh locus 
have been developed by Sofer et al (see Sofer and Hatkoff 
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1972, O'Donnell et al, 1975 and Schwartz and Sofer, 1976). 
In this series of papers the mapping of sixteen 'null' 
variants with low or zero ADH activity is reported. All 
variants map at the same locus on chromosome 2. Eleven 
of these variants have been shown to produce an inactive 
or unstable enzyme protein. 
Ontogeny of alcohol dehydrogenase 
Broadly similar patterns of development of enzyme activity 
have been reported in various studies (Ursprung et al, 
1968 and 1970, Dunn et al, 1969, Hewitt et al, 1974 and 
Ward, 1975) although different laboratory and wild stocks 
have been studied under differing culture conditions. 
Starting at low levels in embryos, the specific activity 
(activity per unit body weight) of ADH rises during 
larval growth until a maximum is reached in third instar 
larvae. The level then falls during 	pupation, rising 
again on emergence to reach a maximum in 3 or 4 day old 
adults. This level remains relatively constant until 
late in adult life when it slowly declines. 
Wright and Shaw (1970) have shown that only maternal 
enzyme is present until 22-24 hours alter hatching from 
the egg. Tissue distribution in larvae and adults has 
been investigated by Ursprung et al (1970). In larvae, 
ADH is absent from brain, salivary glands and imaginal 
discs. Up to half of the enzyme is concentrated in the 
fat bodies of second and third instar larvae. Substantial 
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activity is also present in the head and fat body of 
adults with lower levels in the intestine, Malpighian 
tubules and genitalia although no ADH activity was 
present in the larval imaginal discs for these organs. 
It is not known to what extent these differences in 
amount and distribution of ADH activity in crude extracts 
reflect differences in sythesis of ADH protein or activation 
processes. Changes in the pattern of isozymes which are 
known to occur during development (Dunn et al, 1969) must 
change activity levels in crude extract since the isozymes 
differ in specific activity. 
Horikawa et al (1967) have shown that the level of ADH 
activity in cultured embryonic cells is increased over 
a period of 42 hours by the presence of ethanol in the 
culture medium. Methanol, which is not a substrate for 
the enzyme in vitro, also had this effect. Iso-propanol, 
an alcohol on which the enzyme is very active, had no 
such effect. 
A similar effect was observed by Gibson (1970) who found 
that ADH activity in crude extracts of larvae was increased 
by exposing the larvae to 6 per cent ethanol. This 
phenomenon may be due to stabilisation or activation of 
existing enzyme or increased synthesis of enzyme. The 
experiments necessary to distinguish between possibilities 
have not been performed. 
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Allozymic variation 
Johnson and Denniston (1964) observed genetic differences 
between individual !lies which changed the electrophoretjc 
mobility of all isozyme bands simultaneously. The common 
allozymic forms were named 'fast' and 'slow' according to 
their relative electrophoretic mobilities. 
Grell eL al (1968) produced a third electrophoretic 
allele, AdhD, by chemical mutagenesis. J.M. Malpica and 
D.A. Briscoe discovered an 'ultra-fast' variant in a 
sample of a Spanish population. This allozyme has been 
extensively studied by Thatcher (1977). 
In individuals heterozygous for the Adh F and Adh S  
alleles, a total of nine molecular forms are to be found 
(Schwartz et al, 1975) although only seven are distinguishable 
by normal electrophoresis. The three types of dimer (two 
homodimersand one heterodimer) each form three isozymes. 
Geographical distribution of allozymic variation 
Allozyme frequencies at the Adh locus have been estimated 
in many surveys of population variation. Only those 
studies concentrating on the Adh locus will be reviewed 
here. In all surveys two common allozymic forms are 
found but nomenclature varies. Thus,ADHI of Hewitt et al 
(1974) and Adh 4 of Vigue and Johnson (1973) will e 
referred to as AdhF  although rarely is the electrophoretic 
mobility of allozymes from different populations checked 
against standards. 
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Grossman (1970) collected flies at eighteen sites in the 
Soviet Union. The frequency of the AdhF  allele ranged 
from 0 to 0.42. Only one population did not have both 
allozymic forms. When sites are classified according to 
altitude and longitude two general patterns emerge: a) the 
frequency of AdhF  increases with altitude of the site and 
b) the frequency of AdhF  increases from low levels in the 
western Soviet Union to the east. 
Populations on the eastern seaboard of the United States 
of America show a dine in allozyme frequencies with 
latitude (Vigue and Johnson, 1973). The frequency of 
AdhF at sites ranging over 17 degrees of latitude varied 
from 0.04 to 0.56 with northern populations having 
higher frequencies. West coast populations show a parallel 
dine (Voelker et al, 1977) although the frequency of 
AdhF is generally higher (0.61 - 0.78). 
Johnson and Burrows (1976) have examined in detail the 
stability of gene frequencies along a small part of the 
east coast dine by following seasonal changes at a number 
of sites in North Carolina. Although significant fluctuations 
in gene frequency do occur (attributed to both migration 
and selection by the authors) the summer frequency of AdhF 
is stable from year to year. 
In a series of papers Pipkin et al (1973, 1975 and 1976) 
have studied a dine in AdhF  frequency with altitude among 
Mexican populations. Upland populations had frequencies 
of AdhF  ranging from 0.32 to 0.62 whereas all lowland 
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populations had frequencies less than 0. 1, some being 
fixed for the AdhS  allele. 
In all cases of dines it has been argued that temperature 
is an important selective agent on ADH phenotype and 
attempts have been made to correlate the frequencies of 
allozymic forms with their in vitro properties. Grossman 
(1970) observed that the ADH-F allozyme common in upland 
populations and in populations from areas with colder 
climates had higher activity than ADH-S at low temperatures. 
Vigue and Johnson (1973) argued that there is a relation-
ship between gene frequencies, the properties of the 
allozymes and environmental factors, especially temperature. 
Again the ADH-F allozyme was shown to be more active than 
ADH-S but relatively unstable at extreme pH conditions and 
higher temperatures. Significant regression of AdhF 
frequency on both monthly minimum temperature and mean 
monthly temperature was demonstrated for Mexican populations 
by Pipkin et al (1976). 
All three studies point out that many factors may be 
involved including migration and environmental features 
other than temperature which are correlated with latitude, 
altitude or longitude in different studies. However the 
consistency of the pattern in different regions of the 
world is highly suggestive of a direct influence of 
environment on gene frequencies at this locus. 
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Other surveys have shown that allele frequencies are very 
variable between regions. Grossman (1973) found that 
populations in Israel had AdhF  frequencies of 0.12 - 0.32. 
In contrast, European populations generally have a high 
F frequency of Adh . Girard et al (1977) has studied nine 
populations associated with the vineyards of the Rhone 
and Saone valleys in France where the AdhF  frequency 
ranged from 0.94 to 0.99. 
Flies collected from nine wine cellars in Spain had AdhF 
frequencies ranging from 0.94 to 1.00 (Briscoe et al, 
1975). Significant differences in gene frequency were 
found between a wine cellar population and that of a 
nearby rubbish tip. 	However, McKenzie and Parsons 
(1974) could find no consistent difference between 
populations inside and outside an Australian wine cellar 
in ADH allozyme frequencies although the two populations 
differed in their alcohol tolerance. 
Kojima et al (1970) discovered significant linkage 
disequilibrium between ADH allozymes and the cosmopolitan 
inversion In(2L)t in a Japanese population. Subsequent 
samples from this population and a Texas population showed 
the same pattern of non-random association. The inversion 
In(2L)t was present at relatively high frequency (18 per cent) 
in both of these populations. Since both populations were 
believed to be large and stable, this disequilibrium was 
believed to reflect strong epistasis for fitness between 
ADH allozymes and loci associated with the inversion rather 
than any stochastic effect (Langley et al, 1974). 
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Mukai et al (1971) found significant linkage disequilibrium 
between Adh alleles and two second chromosome inversions, 
In(2L)t and In(2R)NS in an American population. However 
later samples (Mukai and Voelker, 1977) showed no disequilibrium 
between the Adh locus and In(2R)NS. These authors argue that 
the linkage disequilibria arose by a founder effect. In 
this case the disequilibrium between Adh and In(2L)t would 
persist for a long period since recombination between them 
is very low (Langley et al, 1974). 
The populations in which disequilibrium has been discovered 
have especially high frequencies of the inversion (see 
Choi, 1977). Pipkin et al (1976) have shown that no second 
chromosome inversions occur at frequencies greater than 
5 per cent in Mexican populations. It is therefore unlikely 
that association with an inversion is important in these 
populations in determining ADH allozyme frequencies which 
range from AdhF  frequencies of 0.62 to zero. Voelker 
et al (1977) have shown the same effect in west coast U.S.A. 
populations where the frequency of the inversion is less 
than 3 per cent in populations ranging in AdhF  frequency 
from 0.62 to 0.78. 
Although more studies relating changes at the Adh locus 
to change at other loci or inversions are necessary it seems 
clear that large changes in gene frequency at the Adh locus 
occur in the absence of second chromosome inversions. 
AdhF frequency ranges from zero in the Mexican lowlands 
where the mean annual temperature is 25 0C to 1.0 in 
temperate Europe. Although migration in the form of an 
active process over a few kilometres, passive dispersal 
of adults by the wind (Girard et al, 1977) or transportation 
of eggs, larvae and pupae in the course of food distribution 
by man (Johnson and Burrows, 1976) may play a part in 
determining local gene frequencies, the argument that 
the gene frequencies at this locus are determined by 
selective factors such as the presenceof alcohols in the 
environment or temperature is largely supported by these 
surveys. More important is the fact that the assertions 
about genotypes, environments and fitnesses are open to 
experimental investigation. 
The properties of ADH-F and ADH-S allozymes 
The biochemical properties of these allozymic forms have 
been studied in many laboratories using flies of different 
origins. Generally no attempt has been made to establish 
identity of the enzymes being studied other than by electro-
phoretic mobility. Genetic background and conditions of 
culture will differ in different laboratories and these 
must be expected to produce variation in results between 
studies. For example, Ward (1975) and Hewitt et al (1974) 
have demonstrated that differences in genetic background 
affect levels of ADH activity and Gibson (1970) showed a 
clear genotype x environment interaction for activity 
levels. It is also possible that allozymes of the same 
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electrophoretic mobility may differ in amino acid sequence 
and thus show different properties. 
1) 	ADH activity. Rasmusson et al (1966) discovered that 
extracts of AdhF  homozygous adults showed higher levels 
of activity than AdhS homozyotes. This was shown to be 
true also of larvae by Gibson (1970). However, Gibson 
and Miklovieh (1971) demonstrated that strains of different 
geographical origin varied widely in activity although 
homozygous for the same electromorph. Such variation 
between strains has been attributed to loci other than 
Adh. In some cases a few loci with large effects have 
contributed to differences between strains (Ward and Hebert, 
1972), in others loci on all three major chromosomes 
have been responsible for differences (Birley and Barnes, 
1973, Hewitt et al, 1974, Barnes and Birley, 1.975 and 
Ward, 1975). 
The combined evidence of these studies suggests that the 
ADH activity in the inbred lines homozygous for one or 
other electromorph is subject to wide variation due to 
genes of large and small effects on chromosomes II, III 
and X. The distributions of activities may overlap so 
that some strains homozygous for the Adh 5 electromorph 
will be as active as some ADH-F strains. Although some 
of the variation is generally attributed to differences 
at loci on chromosome II it has not been possible to 
determine whether heterogeneity within electromorph classes 
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of ADH contributes to this variation. Even after extensive 
inbreeding it is not possible to reliably remove all 
effects of the genetic background around the Adh locus 
(see Wills et al, 1975). 
Most studies have involved the comparison of extractable 
activity at a particular stage in larval or adult development. 
Hewitt et al (1974) have shown that the AdhF  homozygous 
strains studied by them maintain higher activities than 
AdhS strains throughout development although the ratio 
of activities varies widely. 
The relative activities of the two types of homozygous 
strains havealso been shown to be affected by extraction 
and assay procedures. Day et al (1974, a) demonstrated that 
freezing of extracts before assay affected relative 
activities. These workers also confirmed the earlier 
observations of Sofer and Ursprung (1968) and Vigue and 
Johnson (1973) that the two allozymes differ in substrate 
specificities so that assaying activity with different 
alcoholsas substrate gave very different absolute and 
relative activities. Strains homozygous for AdhF  were 
generally more active on all substrates. 
Gibson (1972) attributed a two-fold difference in activity 
between ADH-F and ADH-S strains to the presence in ADH-F 
strains of twice as much enzyme protein. However, Day 
et al (1974, b),studying strains with a similar ratio of 
activities, found no difference in enzyme quantity. ADH-F 
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strains had slightly more enzyme protein but not enough 
to account for differences in enzyme activity. 
A two-fold difference in catalytic efficiency was observed 
between ADH-F and ADH-S enzymes by Day et al (1974, b). 
This was argued to be the source of the difference in 
enzyme activity between ADH-F and ADH-S strains. No 
significant differences were found in the Michaelis constants 
of the allozymes. 
The possibility that any of the differences in activity 
between strains may be due to a shift in the proportions 
of isozymes has not been investigated. Day and Needham 
(1974) have shown that a larger proportion of the ADH 
activity present in an ADH-F strain occurs as ADH-5 on 
iso-electric focusing. This is known to be the most active 
isozyme but uncertainty about the kinetic properties of 
isozymes makes it difficult to assess how much difference 
this makes in activity of crude extracts. 
Most of the studies discussed have used iso-propanol or 
ethanol as the substrate in determining relative activities. 
Day et al (1974, a) have shown that the two allozymes have 
different substrate specificities. When assays were 
performed with six different alcohols as substrate, the 
absolute activity of the ADH-F allozyme varied over a 
3.6-fold range. Although this allozyme always showed more 
activity than ADH-S, the ratio of activities varied from 
1.3 to 2.5 
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2) 	Enzyme stability. Reports that the allozymes 
differed in heat stability in crude extract (Gibson, 1970) 
and in gels after electrophoresis (Grossman, 1970) 
were confirmed by extensive studies of partially purified 
enzyme (Vigue and Johnson, 1973 and Day et al, 1974, a). 
Results from a number of strains under a variety of conditions 
agree that the ADH-F allozyme is more thermo-labile than 
;\DHS. 
Gibson (1970) demonstrated that the loss of activity on 
heating crude extract to 40 °C was attributable to the 
inactivation of the isozyme ADH-5 which contributes the 
majority of activity in crude extracts. This observation 
is consistent with the known properties of purified 
ADH isozymes (Jacobson et al, 1972 and Day and Needham, 
1974). 
That enzymes of the same electrophoretic mobility but 
derived from strains of different geographical origins 
may differ in heat stability has been suggested by 
Gibson and Miklovich (1971). However, only four strains 
were tested and the genetic basis of the differences 
was not investigated. Thong et al (1975) have discovered 
a laboratory strain in which the ADH-F allozyme present 
is more stable than other ADH-F enzymes. This difference 
in enzyme stability mapped at the Adh locus. 
Enzyme activity in crude extracts of ADH-F strains has also 
been shown to be more sensitive to freezing and extremes 
of pH than that of ADH-S strains (Day et al, 1974, a). 
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Although there is generally good agreement between studies 
as to the properties of ADH-F and ADH-S allozymes there 
is some clear evidence for differences between strains 
homozygous for the same electromorph. In some instances 
these have been attributed to differences in genetic 
background but the possibility that some differences may 
be due to heterogeneity within an electromorph class has 
not been fully investigated. 
Properties of the enzyme in heterozygotes 
There has been great interest in comparing the properties 
of ADH enzyme in heterozygotes with that of the two 
homozygous types. Heterozygote superiority at the 
molecular level might be used to explain the widespread 
occurrence of the polymorphism at this locus. Three 
molecular species are unique to heterozygotes, these 
are the heterodimer in its three isozymic forms, ADH-FS1, 
ADH-FS3 and ADH-FS5. The heterodimer has not been 
isolated or studied in a purified form. All experiments 
involve characterisation of a mixture of 9 molecular 
species in heterozygotes. Unique properties of any one 
form may not be detected under these conditions. 
Interpretation of experimental results also requires 
caution since heterozygotes at the Adh locus, which are 
sometimes produced by crossing two homozygous inbred 
strains, may also be heterozygous at other loci, linked 
or unliked to Adh, which affect enzyme properties such 
as extractable activity. Such loci have been shown to 
exist by several groups (e.g. Ward, 1975). It is very 
difficult to overcome this effect and study genotypes 
in identical genetic backgrounds (see Wills et al, 1975). 
A further complication arises since Day et al (1974, a) 
have shown that the substrate specificities of enzymes 
from the three genotypes differ significantly. Although 
the activity of heterozygotes was intermediate between 
that of the two homozygotes when assays were performed 
using n-propanol as substrate, with five other alcohols 
the heterozygotes showed activities more like AdhS 
homozygotes. A similar analysis by Vigue and Johnson (1973) 
will not be discussed. Although the text claims that 
heterozygotes are intermediate in activity, the data 
presented contradict this statement. An error may have 
been made in compiling the appropriate tables. 
These differences in specific activities and other sources 
of variation make comparison between studies very 
difficult. It can safely be said that in no reported 
case does the activity of heterozygotes lie outside the 
range of homozygotes, i.e. there is no evidence for over -
dominance for crude enzyme activity. 
Most often the activity in heterozygotes is more or less 
intermediate (Rasmusson et al, 1966, Gibson, 1970 and 
Hewitt et al, 1974). Any deviations from this tend to 
be towards having an activity more like the less active 
allozyme AdhS  (Birley and Barnes, 1975). These workers 
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have suggested that the degree and direction of dominance 
is controlled by 'modifier' loci. Hewitt et al (1974) 
demonstrated that a gene on the X chromosome was responsible 
for variation in the degree of dominance in their crosses. 
In a study of activity levels in individual flies from 
a large outbred population, Briscoe et al (1975) found 
that enzyme activity in heterozygotes was intermediate. 
Data concerning the heat stability of enzyme activity in 
crude extracts from heterozygotes are no more consistent 
than data on activity. Expectations are not clear since 
the properties of the heterodimer have not been studied. 
Gibson (1970) and Vigue and Johnson (1973) found that 
the enzyme stability of heterozygotes is intermediate 
between that of both homozygotes. In six crosses of 
inbred lines, Gibson and Mikiovich (1970) found 3 cases 
of intermediacy and 3 cases in which the heat stability 
of heterozygote ADH was at least as high as the more 
stable ADH-S form. Day et al (1974, a) found the heat 
stability to be more typical of ADH-F allozyme. 
The inconsistency of these results might be predicted 
on the basis of the known experimental problems. It 
is also necessary to remember that although strains may 
be described as 'homozygous' for AdhF  or  AdhS,  they may 
continue to segregate for electrophoretically silent 
variants at this locus. Similarly the ADH of strains from 
different populations may not be identical in amino acid 
sequence although of the same electrophoretic mobility. 
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There is no good evidence for overdominance at the biochemical 
level. Heterozygotes tend to be intermediate in their 
properties. However, it may be argued that intermediacy 
is advantageous per se or that having a mixture of enzyme 
molecules with a wide range of properties is selectively 
advantageous to heterozygotes. 
In vivo properties of alcohol dehydrogenase and its effect 
on fitness 
Drosophila melanogaster is exceptional among Drosophila 
species in its tolerance of alcohol in the environment 
(Parsons, 1974 and David and Bocquet, 1975, b). It has 
higher ADH activity than its sibling species D. simulans 
and McKenzie and Parsons (1974) have argued that this is 
a major determinant of the different niches filled by 
the two species. 
David and Bocquet (1975, a) and David et al (1976) have 
shown that a latitudinal dine in ethanol resistance 
exists from tropical African areas in which D. melanogaster 
is believed to have originated to temperate Europe where 
resistance is highest. They suggest that this adaptation 
to alcohol-rich environments has been a major factor in 
the success and dispersal of the species. Increased 
resistance to ethanol is attributed to changes at the 
Adh and other loci. 
Alcohols occur in most environments with which D. melanoaster 
are associated. The decay of rotting fruits is accelerated 
by the activity of yeasts. Depending on the particular 
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fruits and yeasts involved various alcohols may occur in 
considerable quantities (Ainsley and Kitto, 1975 and 
McKenzie and Parsons, 1974). 
Evidence that local high levels of alcohol can exert 
selective pressures in nature has been presented by 
McKenzie and Parsons (1974) and Briscoe et al(1975). In both 
studies populations from wine cellars showed different 
ADH allozyme frequencies from nearby populations not 
exposed to such high levels of alcohols. Wine cellar 
populations were found to have a greater resistance to 
ethanol in the laboratory (McKenzie and Parsons, 1974) 
although differences in resistance could not be wholly 
attributed to changes at the Adh locus. 
Since ADH-null homozygotes are viable on media to which 
no alcohols have been added (Grell et al, 1968 and Vigue 
and Sofer, 1974), it can be argued that the enzyme performs 
no essential function in development. However these 
genotypes are very sensitive to the addition of alcohols 
to the culture medium (Grell et al, 1968, Vigue and Sofer, 
1974, 1976 and David et al, 1976). The relationship 
between ability to survive on medium containing ethanol 
and ADH activity has been established by Sofer and Hatkoff 
(1972) and Vigue and Sofer (1974) using temperature 
sensitive mutants of ADH. 
Unsaturated secondary alcohols, when oxidised, produce 
ketones which are highly toxic to flies. O'Donnell et al 
(1975) have shown that the killing effect of such alcohols 
is related to ADH activity. 
Ainsley and Kitto (1975) have developed an in vivo assay 
system which measures the rate at which a known amount 
of alcohol is removed from culture media by larvae. 
Comparing two homozygous inbred lines and their cross 
they found that, in ethanol-supplemented medium, ADH-F 
strains had the lowest level of oxidation, the heterozygote 
being intermediate. This pattern was reversed with 1-
propanol as substrate and with 2-propanol the heterozygote 
showed the lowest rate of oxidation of the three strains 
with the ADH-S strain having the highest. Mixtures of 
substrates produced all possible patterns of relative 
activity. It was argued that the alcohol levels reflected 
those found in a number of rotting fruits with which 
Drosophila melanogaster are associated. Since different 
fruits produce a different mixture of alcohols on 
decomposing, it was suggested that the polymorphism is 
maintained by differential selection in a heterogeneous 
environment. 
The large discrepancy between these estimates of in vivo 
rates of oxidation and the in vitro activity of crude 
extracts is difficult to explain. 	Ainsley and Kitto 
(1975) suggest that the ADH-S allozyme may be less stable 
during extraction than ADH-F allozyme. They present no 
evidence that this is so. Indeed, the ADH-F allozyme 
is known to be less stable under extreme conditions of 
temperature and pH (Day et al, 1974, a). 
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Several studies have investigated whether gene frequencies 
at this locus may be changed by manipulating the laboratory 
environment. Newly caught natural populations (Briscoc 
et al, 1975) or populations established from laboratory 
stocks (Bijisma-Meeles and van Delden, 1974 and 
OaIshott, 1976), when kept on media supplemented with 
ethanol, show an increase in the frequency of the Adh F 
allele. Van flelden et al (1975) have shown that a number 
of alcohols produce this effect. It is argued that flies 
with the PDH-F allozyme are at a selective advantage in 
such media because they have higher levels of ADH activity. 
However, they also demonstrated that the same change in 
gene frequency occurred on methanol-supplemented medium. 
ADH shows no activity towards methanol in vitro. 
Oakeshott(1976) found that adult flies homozygous for the 
AdhS allele were least resistant to ethanol in their 
environment. Heterozygotes produced by crossing two 
inbred strains survived best. Larvae homozygous for the 
Ad1i ' allele developed fastest in ethanol-supplemented 
medium. Using flies from a large outbred population, 
Briscoe et al (1975) showed that Adh F homozygous adults 
and heterozygotes survived equally well on 12.5 per cent 
ethanol, both surviving better than AdhS  immozygotes. 
Flies given ethanol as their only food source survive 
longer than flies supplied with none. This 'food value' 
of ethanol is greater for strains with higher ADH activity 
(Libion-Mannaert et al, 1976). 
- 70 - 
Environmental temperature has been argued to have a direct 
influence on the ADH polymorphism. Laboratory investigations 
of this effect have been relatively few. Johnson and Powell 
(1974) exposed adults of natural populations to heat or 
cold shocks which killed ninety per cent of the flies. 
Exposure to a temperature of 41 °C for 30 minutes consistently 
caused survivors to have an increased frequency of the 
AdhS allele over control groups. Flies surviving after 
24 - 48 hours at 0°C had a decreased frequency of the AdhS 
form. 
It is suggested that these changes correlate well with 
observed geographical and seasonal variation in gene 
frequencies at this locus and the known properties of 
the allozymes in vitro (Vigue and Johnson, 1973 and 
Johnson and Burrows, 1976). However, it is not clear 
how such large differences in survival might arise in 
the absence of environmental alcohols. Only a dilute 
glucose solution was supplied during treatment. High 
levels of alcohol may have been present in the flies 
before treatment or produced by yeast flora in the gut 
during treatment. Unless this was so it must be argued 
that, in extreme conditions of temperature, AIDE is 
involved in a vital function not performed in the 
temperature range 16°C - 29 °C. Flies with no ADH activity 
survive normally in this range of temperatures. 
Bijisma-Meeles and van Delden (1974) found no difference 
between the rate of extinction of populations monomorphic 
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for the AdhF  or the AdhS electromorphs at 29.8 °C. 
Populations monomorphic for Adh S were more likely to 
become extinct at low temperatures (15 °C). 
In summary, there is strong evidence that 
Allozymes of ADH differ significantly in a number of 
properties. 
ADII activity, although affected by variation at other 
loci, is generally higher in individuals homozygous 
for the Adh F electromorph. 
C) 	ADH activity and its heat stability may influence 
fitness under some environmental conditions. 
Seasonal, geographical and ecological variation in 
gene frequencies at this locus may plausibly be 
explained in terms of the properties of the allozymes 
studied. 
There is some evidence that enzymes of the same 
electrophoretic mobility may be heterogeneous in 
their properties. 
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In view of the foregoing discussions the following experiments 
were undertaken. 
Drosophila melanogaster were collected from geographically 
and ecologically diverse sites. 
The genetic variation within these populations was 
assessed. 
C) 	The relationship between ADH activity and electro- 
phoretic phenotype was studied. 
d) 	The heat stability of enzyme proteins from different 
populations was examined in an attempt to detect 
possible heterogeneity within electromorph classes. 
'7 .-) 
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CHAPTER 2 	MATERIALS AND METHODS 
Culture conditions 
Drosophila were grown at 25 0C on standard agar-mollasses-
killed yeast medium (UFAW Handbook, 1967). When adults of 
a specific age were required, these were collected at 
emergence and "de-yeasted" by daily transfer to fresh 
sterile medium. Larvae were collected by washing the culture 
medium with a 2 sucrose solution. 
Flies for experimental purposes were raised in half pint 
milk bottles containing approximately 60 mis of medium. 
Twenty females were allowed to lay eggs for a maximum of 
five days to prevent larval competition. 
Electrophoresis 
Alcohol dehydrogenase. Phenotypes at this locus 
were determined using a Tris-versene-borate continuous 
buffer system of starch gel electrophoresis at pIT 8.0 
(Shaw and Prasad, 1970). Staining of gels for ADH activity 
was performed as in Shaw and Prasad (1970) at room 
temperature for 30 mins using ethanolas substrate. 
Other loci. The electrophoresis and staining of other 
enzyme proteins followed the procedures of Shaw and Prasad 
(1970) with only minor modifications. 
corto..Irt3 11 çrvnt dritd 	est. 
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C) 	Preparation of extracts 
Adults or larvae, of known weight, were homogenized with 
a teflon homogenizer in 0.1M Na2HPO4 /KH2PO4 , pH 8.0, at 
0-4 °C. Unless otherwise stated, ten individuals were 
homogenized in 1 ml of buffer. 
The homogenate was centrifuged at 30,000 x g for 30 
minutes at 0-4 °C and the supernatant kept at this 
temperature until used in assays (not more than 4 hours). 
d) 	Alcohol dehydrogenase assay 
The rate of increase in absorbance at 340 nm was measured 
to estimate the rate of reduction of nicotinamide adenine 
dinucleotide (NAD) to NADH. 
The reaction mixture consisted of: 
0.1 ml of enzyme extract 
0.8 ml of 0.125M isopropanol in 0.1.4 Na 2HPO4 / 
KH2PO4 , pH 8.0 
0.1 ml of 20 mM NAD in 0.1M Na2HPO4 /KH2PO4 adjusted 
to pH 8.0. This was prepared fresh daily. 
Assays were performed at 30 °C on an L.K.B. automatic rate 
analyser over 5 minutes. Under these conditions ADH 
activity is proportional to enzyme concentration over a 
wide range of enzyme concentrations. 
The units of activity used are 
100 units of activity = 0.0175 O.D. units/minute 
or 2.8i1Mo1es of NIUJH/minute 
1 unit of specific activity = 3.5 O.D. units/minute 
/gram of flies 
or 0.563 m Moles of NADM/ 
minute/gram of flies 
Dialysis 
Extracts were dialysed against 25 times their own volume 
of 20.8 mM NAD in 0.1M Na 2HPO4 /KH2PO4 , pH 8. 0, at 4 °C 
for up to 6 hours. Assays of dialysed extract were 
performed without adding further NAD since 0.1 ml of 
dialysed extract brings the assay concentration of NAD 
to 2 mM. 
Heat stability estimation 
Extracts were heated in a Grant water bath accurate to 
+ 0.05 °C over the range of temperatures used. For 
undialysed extract, 8 assays were performed in each half-
life estimation, two repeats at each of four time points. 
(0, 15, 30 and 90 minutes). For dialysed extracts, only 
six assays were performed (0, 15 and 30 minutes). 
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g) 	Drosophila stocks used 
Balancer chromosomes: 
CYO 	 : Curly derivative of Oster. This second 
chromosome contains an inversion complex 
which effectively suppresses recombination 
on chromosome II. It is lethal when homozygous. 
Tm3 	 : This third chromosome carried multiple 
inversionsand effectively suppresses re-
combination on that chromosome. The dominant 
markers Sb (Stubble) and Ser (Serrate) are 
present. The chromosome is lethal when 
homozygous. 
Multiply marked chromosome 
b pr cn 	: This second chromosome carried three 
recessive markers, b (black) at map position 
48.5, pr (purple) at 54.5 and cn (cinnabar) 
at 57.5. 
Mutant stocks: 
Plum (Pm) 	: This stock carries the dominant eye colour 
mutation "Plum" on the second chromosome. 
This mutation is lethal when homozygous. 
Prickly (Pr): This stock carries the dominant mutation 
Prickly on the third chromosome. It is 
lethal when made homozygous. 
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Inbred stock: 
Oregon-K (Or-K): This is a highly inbred laboratory stock. 
Further details of these stocks and mutations may be found 
in Lindsley and Grell (1972). 
h) 	Procedure for making second chromosomes isogenic 
A stock was constructed for this purpose. Its genetic 
constitution is shown below. 
Chromosome I 	Chromosome II Chromosome III 
-- 	 - 	 0 
Females 
Or - K 	 Pm 	 Pr 
r\-.. 	 T/ 
Males 
Or - K 	 Pm 	 Pr 
The crossing schedule used to make second chromosomes 
from a number of populations isogenic is shown in Figure 1. 
Strains isogenic for second chromosomes which are not lethal 
when homozygous can be maintained by repeating cross 4. 
Chromosomes which are lethal when made homozygous can he 
maintained in a balanced state by repeating cross 3. 
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Figure1. Crossing scheme for the extraction of isogeriic 
second chromosomes. 
Crossi 	
e 1 ]fl rK CyO Trn3 
y OrK Pm 	Pr 
Cross2 	e OrK I' 
1I 	
x Ork CyO Tm3 
'(+_  CyO Tm3 OrK Pm 	Pr 
Cross3 	cr Ork 	Im3 x 	OrK It Tm3 
	
Yt CyO Pr 	OrK OjO Pr 
Cross4 	cs" OrK Tf Tm3 x 	OrK 	
f 
 Tm3 
:tt 	Pr 	OrK Zt 	Pr 
+ Denotes chromosomes deriving from wild-caught flies. 
Single males used in Crosses 1 and 2. 
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The efficiency of the CyO balanced chromosome at suppressing 
recombination was tested by making the cross 
	
Or - K all Or - K 
	




y 	all Or - K 
	
Or - K Bi - all 
	
Pr 
The multiply marked Bi - all chromosome was transmitted 
intact in 199 cases and of 200 progeny examined. One 
chromosome had lost the extreme marker Iaristaless?? (map 
position II - 0.1) but no others. 
It seems reasonable to argue that whole second chromosomes 
are made isogenic by this series of crosses. Each is 
made isogenic in a very similar genetic background. The X 
and third chromosomes are identified in all strains. 
Only the Y chromosome and a small proportion of the fourth 
chromosome have derived from the original male. 
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CHAPTER 3 	The natural populations studied 
SECTION 3.1 	Origins of the populations 
Prevosti: 	This sample was collected in the Canary Islands 
by Professor A. Prevosti of the University of Barcelona. 
Three vials containing a total of 158 males, 122 females 
and many eggs and larvae arrived in Edinburgh in September, 
1975. The wild-caught females and all progeny emerging 
from the vials were used to establish a cage population. 
Only wild-caught males were used in crosses to make 
isogenic second chromosomes (see Section 3.2). 
The site at which the flies were collected was near sea 
level in an orchard. Adults can be collected in this area 
at all times of the year (Prevosti, personal communication). 
Chapingo: 	This sample was collected at Chapingo in 
Mexico state, Mexico by Dr V. Salceda of the Colegio de 
Postgraduados, Chapingo, Mexico, in September, 1975. The 
111 live males which reached this laboratory were used in 
crosses (see Section 3.2). All live females and the eggs 
and larvae present were used to establish a cage population. 
The collection site was at a local fruit market at an 
altitude of approximately 2000 metres. Drosophila melanogaster 
are present in the surrounding area throughout the year, 
although less  frequent in December and January (Salceda 
and Guyman, 1974 and personal communication). 
Macomb: 	Dr S. Bryant of Western Illinois University, 
Macomb collected Drosophila in an apple orchard on 
September 28th, 1975. On arrival in this laboratory, ten 
days later, 89 live males were present of which 29 were 
not D. melanogaster. The remaining 60 were used in 
crosses (see Section 3.2). All live females and the many 
eggs and larvae present were used to establish a cage 
population. 
Drosophila melanogaster are relatively uncommon in winter 
in this area although many over-wintering sites are known 
(Bryant, personal communication). In summer large numbers 
are present. 
Riverside: 	This sample was collected in a fruit grove 
in Riverside, California by Dr J. Harshman in October, 
1975. Mortality during transit was high but 50 males 
survived and were used in crosses (see Section 3.2). 
Females, larvae and pupae were used to establish a cage 
population. 
Drosophila melanogaster are present in this area through-
out the year, most commonly associated with fruit groves 
and fruit processing industries (Harshman, personal 
communication). 
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Dahomey: 	A large sample (numbers unknown) was collected 
in the Dahomey region of tropical West Africa (now Benin) 
in 1969. Since then a number of cage populations have been 
maintained in this laboratory from which samples were taken 
for these experiments. 
Kaduna: 	The Kaduna cage population has been maintained 
in this laboratory since 1949. The size of the original 
sample, from Kaduna, Nigeria, is unknown. Samples were 
drawn from this cage for experiments. 
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SECTION 3.2 	Samples of second chromosomes 
Wild-caught males were used as a source of second 
chromosomes. Single males were used at Cross 1. The 
extraction procedure is outlined in Chapter 2 and the 
outcome of the crosses is shown in Table 1. 







Number of Procedure Second chromosomes 
males, successful lethal made 
cross 1 to cross 3 homozy- homozy- 
gous gous 
148 110 32 78 
ill 101 24 77 
50 44 16 28 
60 46 12 34 
40 40 11 29 
409 341 95 246 
Losses were generally high in Cross 1 due to the death 
or infertility of wild-caught males. A few losses were 
made at Cross 2, again due to male infertility. 
Besides these 246 isogenic strains, 10 strains were 
extracted from the Kaduna laboratory population and one 
from a laboratory stock homozygous for the 'ultra-fast' 
allele of Adh. 
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CHAPTER 4 	Results 
4.1 	Survey of genetic variation 
This survey was undertaken to establish whether the 
populations exhibited normal levels of genetic variation 
for Drosophila melanogaster. It was also necessary to 
determine whether there was genetic differentiation 
among these populations. Although the samples were 
collected from large populations at widely separate 
sites it is necessary to establish that recent bottle-
necks in population size have not reduced genetic 
variation within them and that migration between 
populations has not made them genetically similar. 
Four measures of genetic variation and genetic 
similarity were studied in detail in all 5 populations. 
—.1;- 
4.1.1 	Electrophoretic variation 
Since the advent of rapid, convenient gel electrophoresis 
techniques, these have become widely used in measuring 
genetic variation within populations and genetic distance 
between populations of many organisms. Although routine 
gel electrophoresis underestimates total levels of genetic 
variation, it may be used for such comparative purposes. 
The cages established by the females, eggs and larvae of 
the original samples provided the material for this survey. 
The survey was completed within 3 months (approximately 
4 generations) of the first wild flies arriving in this 
laboratory. 
Data are presented in Table 2 and summarised in Tables 
3 and 4. Electromorph frequencies were estimated at 
9 loci. Allele 1 is used to denote the most anodic 
form of the enzyme. 
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Table 2 	Electrophoretic variation at nine loci 
Population: Prevosti Chapingo Macomb Riverside Dahomey 
Locus 1 (Esterase C) 
Sample Size 82 80 88 86 80 
Allele 1 0.00 0.10 0.00 0.00 0.00 
2 1.00 0.90 1.00 1.00 1.00 
Locus 2 (Phosphoglucomotase) 
Sample Size 82 84 80 82 80 
Allele 1 0.00 0.12 0.00 0.00 0.00 
2 1.00 0.83 1.00 0.80 0.90 
3 0.00 0.05 0.00 0.20 0.10 
Locus 3 (Acid Phosphatase 1) 
Sample Size 78 80 76 70 80 
Allele 1 1.00 1.00 0.90 0.95 1.00 
2 0.00 0.00 0.10 0.05 0.00 
Locus 4 (Aldehyde Oxidase) 
Sample Size 80 70 68 78 80 
Allele 1 0.14 0.00 0.00 0.10 0.00 
2 0.66 1.00 1.00 0.90 1.00 
Locus 5 (Alcohol dehydrogenase) 
Sample Size 98 94 98 96 90 
Allele 1 0.88 0.74 0.26 0.38 0.80 
2 0.12 0.26 0.74 0.62 0.20 
Locus 6 (Esterase 6) 
Sample Size 88 88 104 86 80 
Allele 1 0.31 0.52 0.46 0.56 0.63 
2 0.68 0.48 0.54 0.44 0.37 
3 0.01 0.00 0.00 0.00 0.00 
Locus 7 (Octanol dehydrogenase) 
Sample Size 88 86 82 84 74 
Allele 1 1.00 0.85 1.00 1.00 0.92 
2 0.00 0.15 0.00 0.00 0.08 
Locus 8 ( 	- Glycerophosphate dehydrogenase) 
Sample Size 80 82 80 84 82 
Allele 1 0.54 0.90 0.82 0.76 0.60 
2 0.46 0.10 0.18 0.24 0.40 
Locus 9 (Tetrazolium oxidase) 
Sample Size 80 82 84 86 78 
Allele 1 0.90 1.00 0.90 1.00 1.00 
2 0.10 0.00 0.10 0.00 0.00 
- 87 - 
Table 3 
	
Summary of electrophoretic variation 
Population 
Prevost i 























Table 4 	Nei's Genetic Distance between the 5 natural 
populations 
Populations 	Chapingo Macomb Riverside Dahomey 
Prevosti 	 0.038 	0.071 	0.058 	0.055 
Chapingo 	 0.044 	0.031 	0.018 
Macomb 	 0.012 	0.056 
Riverside 	 0.033 
Although the survey includes only 9 loci it is clear that 
these populations have normal levels of heterozygosity 
for D. melanogaster. In surveys involving more loci. the 
average heterozygosity of D. melanogaster populations has 
been found to vary from 14 to 20 per cent (Kojima et al, 
1970, Malpica, 1973 and Band, 1975). 
The loci studied here tend to be more variable than 
average. Eight of them were included in surveys by 
Kojima et al (1970) and Band (1975). In these surveys 
their average heterozygosity was 23 and 24 per cent. 
Genetic distances between populations, calculated by the 
formula of Nei (1975), range from 0.01 to 0.07. Nei (1976) 
and Lewontin (1974) have summarised estimates of genetic 
distance between local races, subspecies and species of 
Drosophila. They find that local races do not normally 
differ by more than 0.01 and that subspecies can differ 
by as little as 0.03. However, in cases where no 
migration occurs between them, populations of the same 
species may differ by up to 0.06. 
The values of genetic distance calculated in this study 
appear to be generally high. Two important factors may 
contribute to this. 
(1) The fact that the loci studied were particularly 
variable may inflate genetic distance estimates. 
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(2) The populations were deliberately chosen to represent 
a wide range of geographical and ecological situations. 
The smallest genetic distances were found between the two 
North American populations (Macomb and Riverside) and 
the two tropical populations (Dahomey and Chapingo). 
The Prevosti population from the Canary Islands is clearly 
differentiated from all other populations (minimum genetic 
distance 0.04). 
It is concluded that these populations represent a broad 
range of genetic variation within D. melanogaster. The 
genetic distances found are as large as those found between 
subspecies or a few species pairs in the Drosophila group. 
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4.1.2 	Lethal analysis 
The frequency and the rate of allelism of recessive lethals 
in natural populations has been used to study genetic 
variation within and between populations for many years 
(see Dobzhansky, 1970, for review). 
Chromosomes which were lethal when made homozygous at 
Cross 3 of the extraction scheme (Section 3.2) were 
maintained by repeating Cross 3. Crosses between pairs 
of these stocks were scored for the presence or absence 
of 'non-Curly' progeny, fifty to one hundred progeny 
being scored in each case. Under this regime lethals and 
semi-lethals would be classified together. 
A full analysis was performed within populations (all 
pairs tested) and 1,500 pairs of stocks chosen at random 
from different populations were tested. The results of 
the within-population analysis are shown in Table 5. 
Table 5 Lethal analyses within populations 
Percentage 
Number of of lethal Rate of lethal 
Population lethal second second allelism (%) Chromosomes chromosomes 
Prevosti 31 28 0.9 
Chapingo 24 24 0 
Riverside 16 36 0.8 
Macomb 12 26 0 
Dahomey 11 28 3.6 
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Of the 1,500 crosses between stocks from different 
populations none produced the result expected with lethal 
allel ism. 
The frequencies of lethals in these populations falls 
within the normal range for D. melanogaster. Dobzhansky 
(1970) has reviewed evidence that the frequency of second 
chromosome lethals may vary from 11 to 62 per cent in 
natural populations. Ives (1970) has shown that the 
frequency of lethals may vary between 15 and 50 percent 
over a few years in a population subject to fluctuations 
in population size. 
The rate of allelism among the lethals in a population may 
be used to estimate the effective population size. However, 
Wright et al (1942), Prout (1954) and Nei (1968) have 
shown that this method of estimating effective population 
size is very insensitive above population sizes of 1,000. 
From Wright et al (1942) it is clear that the frequency 
of lethals in these populations and their rate of allelism 
are consistent with population sizes of at least 1,000 
individuals. 
It may be concluded that none of these populations has 
recently undergone a severe reduction in population size. 
Even the Dahomey cage population shows no evidence of 
being so affected. 
The zero rate of allelism between lethals from different 
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populations gives further confirmation that these 
populations are genetically distinct. 
4.1.3 	Body weight 
The third measure of variation within and between 
populations employed was the metric character body weight. 
The fresh weight of 20 six day old adult males was measured 
routinely for all assays of enzyme activity. Weights of 
strains are presented as milligrams per 20 flies. Each 
determination was done on flies from a different culture. 
Isogenic strains 
Five body weight measurements were performed on each of 
the 246 isogenic strains. An analysis of variance of 
this data is presented in Table 6. Tests of significance 
indicate that significant differences in body weight 
exist between strains from the same population and also 
between populations. 
Inbred strains 
Ten inbred strains were established from each of these 
populations. After 10 generations of full-sib matings, 
the body wight of the strains was measured twice. Data 
are summarised in Table 7. Significant differences 
between strains means (F 	= 1.73, p < 0.05) and 
between population means (F 5 	3.8, p < 0.01) were 
shown to exist by analysis of variance. 
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Degrees of Sums of Mean 
freedom squares squares 
4 10,781 2,695 
245 103, 	526 422 
980 15,987 16 
TOTAL 	 1229 	130,294 
F25 = 6.39, P-< 0.005 
245 
F980 = 26.38, P< 0.005 
Table 6b 	Analyses of variance within populations 
	
Mean body 	(a) (b) Number of 	 C . V. ( c ) Population 	strains weight 	 2 	P 	(percent) (mgs/20 flies) 	aB 
Prevosti 	78 	 17.33 	0.79 * * 	5.1 
Chapingo 	77 	 16.90 	0.99 * * 	5.9 
Macomb 	 28 	 16.79 	0.88 * * 	5.6 
Riverside 	34 	 17.17 	0.63 * * 	4.6 
Dahomey 	 29 	 16.42 	0.80 * * 	5.4 
2B is the variance between strain means estimated from 
within population analyses of variance. 
P is the level of significance of the F ratio on 
within population analyses of variance (* *, P < 0.01) 
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Figure 2. The distribution of body weights of isogenic strains. 
(Bars represent least significant differences between 
strain means (P-0.0 5)) 
13 	14 	15 	16 	17 	18 	19 	20 
Body weight (mgs/20males) 
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The data are illustrated in Figure 2. Least significant 
differences between strain means (P = 0.05) have been 
calculated from within population analyses of variance. 
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Table 7 	Body weights of inbred strains. 
Mean body 	Coefficient 	
(a) 
Population 	
Number of weight 	 of variation strains (rngs/20 flies) 	(per cent) 
Prevosti 10 17.2 6.4 
Chapingo 10 16.9 7.5 
Macomb 10 16.1 5.8 
Riverside 10 16.4 8.4 
Dahomey 10 15.9 4.2 
a) 	Coefficient of variation is calculated as a/mean 
where o, is the between strain variance estimated 
from within population analyses of variance. 
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These data suggest that the populations studied contain 
considerable variation at loci affecting body weight. 
There are also considerable differences between populations 
at these loci. 
Real differences between populations will be underestimated 
by looking only at the means of the isogenic strains since 
only loci on chromosome II contribute variation between 
strains and populations. Inbred strains have a broader 
range of population means (15.9 - 17.2mg) than isogenic 
strains (16.4-17.3 mg). 
David and Bocquet (1975 a, 1975 h, 1977) have found that 
populations of Drosophila melanogaster show clinal variation 
in body weight with latitude. The data from these 
isogenic strains show a similar trend although the 
correlation is low (b = 0.016 mg/ 0 latitude, r 2 = 0.29). 
Latitude was the only environmental parameter studied by 
David et al (1975 a, 1975 b, 1977). 	Pipkin et al (1976) 
have shown that genetic differentiation also occurs 
between populations at different altitudes. Since the 
Chapingo population was collected at an altitude of 2,000 
metres it might be argued that the simple relationship of 
body weight with latitude would be expected to break 
down with these data. 
The body weights of males from the Dahomey and Prevosti 
populations correspond well with the predicted values for 
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males collected at their latitudes (David et al, 1975 a). 
The expected weight of inbred strains from 10 0N in Africa 
is 15.8 mg, the observed is 15.9 mg at Dahomey. At 28 °N 
the expected body weight becomes 17.1 mg, and the Prevosti 
inbred strains have a mean body weight of 17.2 mg. 
No such relationship has been established for populations 
from the American continent. However, the body weights 
of strains from the Macomb, Riverside and Chapingo 
populations fall within the range observed by David 
et al (1975 a). 
Variation within the five populations, as measured by 
the coefficient of variation between inbred strains is 
within the normal range for quantitative characters in 
natural populations (Lerner, 1954). Values of the 
coefficient of variation between isogenic lines are lower 
and more uniform as would be expected between lines which 
shared a large proportion of their genes. 
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4.1.4 	Inversion polymorphisms 
Inversion polymorphisms occur in some populations of 
Drosophila melanogaster (see Choi, 1977, for review). 
A survey of variation in second chromosome structure was 
undertaken. 
The five populations were tested for second chromosome 
inversions by Dr S. Tsakas in this department and in 
the University of Athens in summer, 1976. Isogenic 
strains and lethal stocks were crossed to an Oregon-K 
inbred line known to have the standard chromosomal 
arrangement. 
A total of 305 stocks were tested. Only 3 chromosomes 
were observed to carry inversions, in each case the 
cosmopolitan inversion In(2R)NS. All three of these 
chromosomes were lethal when made homozygous. This 
inversion has break points at 52A and 56F on the right 
arm of chromosome II. The cosmopolitan inversion In(2L)t 
was not found. 
Three populations each had one representative of this(I(2)P4) 
chromosomal type, Prevosti 1 	Chapingo 1 / 80 and 
Riverside 1 / 40 . This evidence suggests that the frequency 
of either of the cosmopolitan inversions was not greater 
than 5 per cent in any of the populations. 
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Although these two 'cosmopolitan' inversions have been 
discovered in many populations (Choi, 1977) their 
frequencies are very variable. Frequencies may reach 
26 - 30 per cent (Watanabe, 1969) but Mukai et al (1974) 
have shown that significant variation occurs from year 
to year and Voelker et al (1977) have found large 
differences in inversion frequencies over short distances. 
In the regions from which the populations studied here 
derived there is some evidence that inversion frequencies 
may be expected to be low. Pipkin et al (1976) observed 
a maximum frequency of 5 per cent for these two inversions 
among Mexican populations. Neither inversion was found 
in some populations. Malpica (1976) and other groups 
(summarised in Choi, 1977) have shown that European and 
African populations tend to have inversion frequencies 
of 5 per cent or less. Populations in the United States 
of America generally have been found to have higher 
frequencies although the inversions are absent in some 
populations (Stalker, 1976 and Choi, 1977). 
Although the level of chromosomal variation in these 
populations is low, they are typical of the sites of 
origin of three of the populations (Prevosti, Dahomey and 
Chapingo) and not unusual in the two populations from the 
Unites States of America. 
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Data on electrophoretic variation, lethals and variation 
in body weight support the contention that these 
populations constitute a good sample of the variation 
present in the species Drosophila melanogaster. 	None of 
the populations shows evidence of recent restrictions of 
population size which might decrease genetic variability 
within populations. Genetic differentiation between the 
populations is high. Although the level of polymorphism 
for chromosomal inversion is low, this is not atypical 
of the regions in which these populations originated. 
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SECTION 4.2 Properties of alcohol dehydrogenase. 
Literature concerning the AL-11-1 	lOCUS has been reviewed 
in Section 1.2.4. 
4.2.1 	The 'standard' strains used. 
Three standard strains were constructed for reference 
purposes, each containing a different electrophoretic 
form of the enzyme, ADH. 
Two isogenic strains, KAD-F and KAD-S, were derived from 
the Kaduna laboratory population by the extraction techniques 
outlined in Chapter 2. The ADH of flies from this 
population has been studied by Day et al (1974 a, b, c) 
and Briscoe et al (1975). 
One inbred line homozygous for an allele of Adh which 
produced an enzyme of unusual electrophoretic mobility 
(ultra-fast) was derived from a Spanish population by 
J.M. Malpica and D.A. Briscoe (unpublished). The second 
chromosome of this line was made isogenic in the strain 
MAN-UF. Some properties of the enzyme produced by this 
strain have been studied by Thatcher (1977). 
These three strains have been used as standards to 
investigate some properties of ADH in Drosophila melanogasrer. 
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4.2.2 	Developmental profiles of ADH activity. 
In order to compre the ADH activity 	dieren striu ti 
it was necessary to establish the extent of variation over 
the lifetime of individual flies and between flies of the 
same age. The developmental profile of ADH activity was 
studied in the standard strains KAD-F and KAD-S. 
Results are shown in Figure 3. Only adult males were 
used but larvae would be of both sexes. Each time point 
represents the mean and its standard error on four 
independent assays. 
These profiles correspond closely with the findings of 
other studies (reviewed in Section 1.2.3). Absolute 
values of activity are comparable with those found in 
other studies using iso-propanol as substrate. ADH 
levels in third instar larvae fall within the range of 
activities found by Ward (1974) at this stage and adult 
levels are similar to those described by Birley and 
Barnes (1973) and Day et al (1974 a). 
The purpose of this experiment was to establish a 
suitable age at which to compre the activity of different 
strains. It was decided to use activity in six day old 
males for this purpose. At this stage ADH activity is 
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differences in the age of samples will not obscure real 
differences between strains. The standard errors of 
measurements at this age are acceptably small. 
This contrasts with the decision by Ward (1974) to 
compare strains at the third instar larval stage. At 
this stage the age of the flies is not known accurately 
and the rate of change of activity is high. Day et al 
(1974 a) compare 3-4 day old adult males but under the 
conditions used here the adult level has not been 
established by this age. Adult females have been used 
by Birley and Barnes (1973). These were not studied 
because their body weight is subject to much greater 
variation than that of males. 
4.2.3 	Heat stability of enzyme activity. 
The heat stability of enzyme activity in crude and 
dialysed extract was measured. In all cases X mg of 
flies (fresh weight) were homogenised in X110  ml.of buffer. 
This has the effect of minimising variation in protein 
concentration which is known to affect the stability of 
enzymes (Day et al, 1974 a). 
a) 	Crude extracts. 
Heat stability of enzyme activity was determined by 
heating to 40.0 °C and monitoring changes in activity with 
time. Results for the three standard strains are shown 
in Figure 4. 
Although some activity is lost in all strains at this 
temperature, clear differences exist in the rate of loss. 
All activity is lost from MAN-UF extracts in 30 minutes. 
The enzyme of KAD-F is less stable than KAD-S but in neither 
case is all activity lost even after prolonged heating 
at 40.0°C. 
If it is assumed that the loss of activity represents the 
exponential loss of a single molecular species in all 
strains (see Section 1.2.4 for discussion), a logarithmic 
transformation of the activity values might be predicted 
to give a linear relationship of log 10 (activity remaining) 






Figure 4. Loss of ADH activity on heating crude extracts of 
standard strains at 40.0 ° C. 
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enzyme is not labile at 40.0 °C, the plot of log 10 
(activity at time (t) - activity at 90 minutes) versus 
time will be used in all cases. 
Data for the three standard strains are plotted in this 
way in Figure 5. The half-life of enzyme activity was 
estimated from regression equations and are presented in 
Table 8. The standard strains differ significantly in 
the half-life of their enzyme activity. 
Table 8 	Half-life estimated for the standard strains 
at 40°C 
Strain 	Mean 	Standard error (5 replicates) 
KAD-F 	 9.0 
	
0.25 
KAD-S 	 14.0 	 0.62 
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b) 	Dialysed extracts 
Dialysis was performed in an attempt to convert the ADH 
of adult flies, which normally exists in three isozymic 
forms in crude extracts, to a single isozyme, ADH-1. It 
was hoped that this procedure might make half-life 
determination more accurate. The method of dialysis has 
been outlined in Chapter 2. 
The effect of dialysis on enzyme activity. 
Changes in activity during dialysis were monitored 
over 6 hours. Data for the standard strains KAD-F 
and KAD-S are presented in Figure Ga. Controls were 
dialysed against buffer alone. 
The effect of dialysis on heat stability of enzyme 
activity. 
Dialysis was performed for up to six hours on 
extracts of the standard strains KAD-F and KAD-S. 
Samples were taken at hourly intervals, assayed, 
heated to 40°C for 90 minutes and assayed again. The 
percentage of activity remaining after heating is 
shown in Figure 6b. Controls were dialysed against 
buffer alone. 
Samples taken after 0, 1 and 6 hours of dialysis were 
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monitored (see Figure 7). Estimates of the half-life 
of enzyme activity after dialysis for 6 hours were made 
at 48.2°C. Results are presented in Table 9. 
Table 9 	Half-life of enzyme activity of standard strains 
after dialysis for 6 hours 
Mean t 
	
Standard error (5 replicates) 
KAD-F 	 11.1 
KAD-S 	 17.6 	 0.70 
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Figure 7. Changes in ADH heat stability during dialysis. 
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(iii) The effect of dialysis on electrophoretic mobility 
of ADH 
Samples taken at different times during dialysis 
were analyzed by horizontal starch gel electrophoresis. 
A stained gel illustrating the changing electrophoretic 
pattern on dialysis is shown in Plate 1 and Figure S. 
These findings are consistent with known properties of 
ADH isozymes (reviewed in Section 1.2.3). The main 
conclusions are: 
In six day old adult males a large proportion of 
ADH activity is due to the ADH-5 isozyme. This is 
demonstrated by electrophoresis where most of the staining 
is due to this isozyme and by the heat stability of enzyme 
activity in crude extracts. The ADH-5 isozyme is known 
to be unstable in crude extract and in gels at 40 °C. 
All isozymes of the MAN-UF strain appear to be labile 
at 40°C. 
Dialysis against NAD brings about the conversion of 
ADH-5 to ADH-l. The changing heat stability of enzyme 
activity and the parallel changes in electrophoretic 
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majority of enzyme has been converted to the ADH-1 form. 
Loss of activity during dialysis may be accounted for by 
known differences in specific activity of the isozymes. 
3. 	The standard strains, KAD-F KAD-S and MAN-UF, can be 
distinguished clearly on the basis of the heat stability 
of their ADH-1 or ADH-5 isozymic forms. 
It was decided to use two properties of the enzyme in 
comparisons of strains from different populations. 
heat stability of enzyme activity before dialysis 
heat stability of enzyme activity after dialysis. 
The first property compares ADH-5 isozymes from different 
strains and the second ADH-1 isozymes. It has been 
suggested that the interconversion of these forms involves 
major conformational changes (see Section 1.2.4). For this 
reason it is possible that some amino acid substitutions 
may affect one property of the enzyme without affecting 
the other. 
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4.3 	Survey of variation in alcohol dehydrogenase 
properties among isogenic strains 
The four properties of ADH studied among isogenic strains 
were 
electrophoretic variation 
ADH activity per individual andspecific activity 
half-life of enzyme activity in crude extracts 
half-life of enzyme activity in dialysed extracts. 
Isogenic strains were used to minimise the genetic 
variation at loci other than the Adh locus affecting these 
properties of ADII. Although the third and X chromosomes 
are identical in all strains, significant genetic variation 
may be present at second chromosome loci other than Adh. 
- 120 - 
4.3.1 	Electrophoretic variation 
Horizontal starch gel electrophoresis was performed as 
outlined in Chapter 2. Data were available from a survey 
of cage populations and the isogenic strains. Both sets 
of data are presented in Table 10. 
Table 10 	ADH electromorph frequencies in cage 
populations and among isogenic lines. 
Isogenic lines 
Population Number of 	
Frequency of 	Estimated frequency 
lines 	Adh' AdhS Adh 
in cage populations 
of Adh (± S.E.) 
Prevosti 79 0.86 0.13 0.01 0.88 (-1- 0.03) 
Chapingo 77 0.71 0.29 0 0.74 (+ 0.05) 
Macomb 34 0.29 0.71 0 0.26 (-4- 0.04) 
Riverside 28 0.36 0.64 0 0.38 (± 0.05) 
Dahomey 29 0.79 0.21 0 0.81 (± 0.04) 
Adh represents the isogenic strain P79 discussed in 
detail in Section 4.4. This strain showed no detectable 
ADH activity after electrophoresis. It should be noted 
that routine electrophoresis of diploids will fail to 
detect null alleles unless they occur at high frequencies. 
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Only by making isogenic lines can the frequency of such 
alleles be estimated. 
In each population the gene frequencies among isogenic 
lines correspond well with those in the cage populations 
established from females caught at the same time and 
place. 
Gene frequencies are also generally typical of the areas 
of origin of the populations. It is not possible to 
estimate accurately the expected gene frequencies at any 
site because significant changes in gene frequency may 
occur over short geographical distances (e.g. see Briscoe 
et al, 1975) or at different seasons of the year (Johnson 
and Burrows, 1976). 
However, Pipkin et al (1976) have shown that, although 
variation between sites was high, populations of 
D. melanogaster from altitudes over 1,7000 metres in 
Mexico generally have AdhF  frequencies greater than 0.3 
Lowland Mexican populations have relatively low frequencies 
(0.1 - 0). Thus, the population from Chapingo has a 
gene frequency typical of such upland sites. 
Vigue and Johnson (1973) have found clinal variation in 
AdhF gene frequency from 0.56 to 0.04 over 20 degrees of 
latitude along the east coast of the United States of 
America. The gene frequency at Macomb, an inland site, 
is within this range but typical of a more southerly 
coastal site. 
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The frequency of AdhF  at Riverside is lower than at any 
west coast populations studied by Voelker et al (1977). 
However, all of their sites were north of Riverside and 
such a difference in frequency might be predicted on the 
basis of a north-south dine of gene frequency. 
No data are available for African populations. Prevosti, 
the population from a more northern site, again has a 
higher gene frequency of AdhF  than Dahomey. 
Overall, gene frequencies seem not to be atypical of the 
regions of origin of the population. It is more important 
to note that the populations represent a wide range in 
gene frequency at this locus. The frequency of AdhF 
ranges from 0.88 to 0.26. The electrophoretic mobilities 
of allozymes from different populations were indistinguishable. 
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4.3.2 	Alcohol dehydrogenase activity 
Developmental profiles 
The developmental profiles of ADH activity were 
studied in nine isogenic strains. Four ADI-J-F strains 
(D27, Ml, C4 and P25) and five ADH-S strains (M2, R4, 
D36, P23 and 068) were used. Results are presented in 
Figure 9. Each time point represents a single assay. 
No strain showed any evidence that the pattern of ADH 
activity in development was different from that of the 
standard strains (see Figure 3). ADH-F strains had 
higher levels of activity throughout the life cycle than 
ADH-S strains. 
As in the standard strains, adult levels were relatively 
stable. It was decided to retain the use of activity in 
six day old adult males as a property by which strains could 
be compared. 
Comparisons of strains 
Crude extracts of each of the 246 isogenic strains 
was assayed on three independent occasions. Activity 
after dialysis was measured on two occasions. The 
distribution of activity in crude extract of all strains 
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There is no overlap between the distributions in ADH-F 
and ADH-S strains, all ADH-F strains have higher levels of 
activity than any ADH-S strain. Two strains show unusual activities 
Strain P79 showed no detectable enzyme activity in any 
assays. This is consistent with the absence of staining 
in extracts of this strain after electrophoresis (Section 
4.3.1). One ADH-F strain, P44, has an activity level 
significantly higher than any other strain. These two 
strains were excluded from the following analyses. Their 
properties are investigated further in Section 4.4 
Populations differ significantly in the level of ADH 
activity in ADH-F strains (F 61 = 3.5, P < 0.01) and 
also in ADH-S strains (F 9 = 2.7, P < 0.05). Data are 
summarised within populations in Figures 11 and 12 and 
Table 11. 
In all populations the activity of ADH-F strains was 
higher than ADH-S strains (P<< 0.01). Some populations 
also showed significant heterogeneity between strains of 
the same electrophoretic type. Where this was so, least 
significant differences (P = 0.05) are shown in Figures 
11 and 12. 
Similar analyses were performed for data on specific 
activity in crude extracts and specific activity in dialysed 
extracts (Figures 13 and 14 and Table 11). Again the major 
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Figurell. Distribution of ADH activity in crude extracts 
of ADH—F strains. (Bars represent means and 
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Figure12. Distribution of ADH activity in crude 
extracts of ADH - S strains. 
(Bars represent means and least significant 
differences (P=0.05) between strain means) 
I Prevosti(n=10) 
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2.14 
2.26 0.01 ** 
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1.95 0.03 N. S. 





Table 11 Analysis of variation in activity and specific activity 
Activity before dialysis 	I Specific activity 	I 	Specific activity 
	
before dialysis I alter dialysis 
Moan 	 Mean 	 Mean (a) (h) Ratio l 	 (a) (b) Ratio 	 (a) (b) activity Variance 	P 	F:S (units/ Variance 	P 	
F:S I(units/ Variance 	P 	Ratio (units) 	 rng) 	 I rrg) 	 F:S 
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Figure 13. Distribution of ADH specific activity among 
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Figure 14. Distribution of ADH specific activity among 
ADH-S strains (crude extracts). 
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source of variation was the difference between ADH-F and 
ADH-S strains. Populations also differed in their mean 
activities of both types of strains and there were 
significant differences between strains of the same electro-
phoretic type within populations in all but the smallest 
samples. 
The relationship between body weight and activity in crude 
extracts was investigated by calculating the regression and 
correlation of ADH activity on body weight among strains of 
the same electrophoretic type within populations (Table 12). 
In all populations there was a positive relationship between 
activity and body weight. This reached significance only 
in the largest samples. 
When data from different populations were combined, the 
regression coefficient is 3.6 units/mg for ADH-F strains 
and 1.6 units/mg for ADH-S strains. Data from the Prevosti 
population ADH-F strains are plotted in Figure 15 to illustrate 
this relationship. 
From these data it may be argued that a large proportion of 
the variation in ADH activity between these strains is 
associated with electrophoretic differences at the Adh 
locus. There is also significant variaton between 
populations and between strains of the same electrophoretic 
type within populations. 
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Table 12 	Regression and correlation of ADH activity in 
crude extracts on body weight. 
(1) 	(2) 
Population 	Strains 	Number 	b 	P 	r 
ADH-F 	66 	3.8 	** 	0.26 
Prevost i 
ADH-S 	10 	0.6 	N.S. 	0.09 
ADH-F 	55 	35 	** 	0.38 
Chapingo 
ADH-S 	22 	1.7 	* 	0.24 
ADH-F 	10 	3.8 	N.S. 	0.36 
Macomb 
ADH-S 	22 	0.7 	N.S. 	0.03 
ADH-F 	10 	3.4 	N.S. 	0.36 
Riverside 
ADH-S 	18 	2.6 	N.S. 	0.15 
ADH-F 	23 	2.4 	* 	0.18 
Dahomey 	
ADH-S 	6 	1.0 	N.S. 	0.07 
ADH-F 	164 	3.6 	*K 	0.29 
Overall 
ADH-s 	78 	1.6 	** 	0.14 
Regression coefficient: units of activity per mg. 
Significance level of b (**, P < 0.01, *, P < 0.05; 
N.S., p >0.05) 
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Figure 15. Relationship between ADH activity and body weight 
among Prevosti ADH — F strains (n=66). 
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Part of these effects may be due to the segregation within 
populations of electrophoretically silent variation at the 
Adh locus. However, strains may differ at many second 
chromosome loci, some of which may affect ADH activity. 
The results of other studies have shown that many loci 
throughout the Drosophila genome affect ADH activity (see 
Birley and Barnes 1973, 1975, Barnes and Birley. 1975, Ward 
and Hebert, 1972, Ward, 1974, 1975 and Hewitt et al. 1974). 
These studies have all found that activity of ADH-F and 
ADH-S strains is more variable in inbred lines than in 
this study. The distributions of activity for the two 
types of strain overlap among the inbred strains studied 
by Birley and Barnes (1973), Ward and Hebert (1972) and Ward 
(1974). Much of the variation between inbred lines has 
been shown to be produced by segregation at loci unlinked 
to Adh. 
Such variation cannot contribute to differences between 
strains in the present study, since all strains have a 
similar genetic background. 
There is some evidence that genetic differences at loci on 
chromosome II affecting body weight may contribute to 
variation between strains. Approximately twenty per cent 
of variation in activity is associated with differences in 
body weight. 
How much of the remaining variation is attributable to 
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electrophoretically silent variation at the Adh locus 
will be investigated by seeking to detect such variation. 
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4.3.3 	Heat stability of alcohol dehydrogenase activity 
This was determined for each strain by two methods 
The half-life of enzyme activity in crude extracts 
was measured at 40.0°C. Three replicates of each strain 
were performed. 
The half-life of enzyme activity after dialysis against 
NAD for 6 hours was measured at 48.2 °C. Two replicates of 
each strain were performed. 
(1) Half-life of enzyme activity in crude extracts 
Half-lives were estimated as outlined in Chapter 2 and 
Section 4.2 Results for 245 strains are presented in 
Table 13 and Figures 16, 17 and 18. The strain P79 was 
excluded since it showed no detectable ADH activity. 
Two ADH-S strains (C32 and C65) show half-lives which are 
significantly shorter than any other ADH-S strains 
(t 78 = 2.95, P< 0.01). These strains are excluded from 
subsequent analyses and will be discussed in Section 4.4. 
It is clear from Figure 16 that most of the variation present 
in half-life of enzyme activity is accounted for by 
differences in electrophoretic mobility of the enzyme. No 
overlap exists between the distributions of half-lives of 
ADH-F and ADH-S strains 
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Table 13. 	Analysis of half-lives of ADH activity in 
crude extracts 
Mean half 
Population 	Nuer life 	Variance' CV (per cent) (minutes) 
AIJH-F 	67 	9.00 	0.70 	9.3 
Prevost I 
ADH-S 	10 	14.02 	2.42 	11.1 

























































PDH-F 	165 	8.96 0.79 9.9 	P>0.25 
Overall 
PJDH-S 78 	13.98 2.15 10.5 	P>0.25 
 Variance is given as or from analyses of variance. 
 Coefficient of variation calculated as standard deviation 
divided by the mean. 
 Probability level based on analyses of variance F tests 
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Figure 17. Half-life of enzyme activity in crude extracts of ADH -F strains 
at 40. 0° C. 
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Figure18. Half-life of enzyme activity in crude extracts of 
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No significant differences were found between populations 
in the half-lives of enzyme activity in strains of the same 
electrophoretic type (F 90 = 1.15, P > 0.25 and F 30 = 
1.20, P > 0.25), nor was there any significant variation 
between such strains within populations (Table 13). 
The 12 strains with most extreme values of half-life were 
each repeated twice more (the three highest and lowest 
ADH-F and ADH-S half-lives). On a total of five replicates 
in all, none of these strains had a half-life significantly 
different from the mean values for strains of that 
electrophoretic type. 
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(2) Half-life of enzyme activity in dialysed extracts 
The distribution of half-lives determined at 48.2 °C after 
dialysis is shown in Figures 19, 20 and 21, the data are 
summarised in Table 14. 
As in crude extracts, two ADH-S strains (C32 and C65) 
show half-lives of enzyme activity atypical of other ADH-S 
strains. These strains are discussed in detail in 
Section 4.4 and are excluded from present analyses. 
Clear differences exist in all populations between ADH-F 
and ADH-S strains. No significant differences exist 
between populations in the half-life of enzyme activity of 
strains of the same electrophoretic type (F 25 = 1.7, 
P >0.25 for ADH-F strains; F 51 	1.6, p >0.25 for ADH-S 
strains). Within populations there is no evidence of 
heterogeneity between such strains. 
The eight strains showing extreme values of half-life on 
the basis of two estimations were each repeated two more 
times. On the basis of four replications each, none of 
these eight strains were significantly different from the 
mean value of strains of their electrophoretic type. 
There was no evidence for a relationship between half-
lives before and after dialysis. Among ADH-F strains 
the regression coefficient was -0.026 ± 0.05 and among 
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Table 14 	Analysis of half-lives of ADH activity 
after dialysis 
Mean half C.V. 2 
pulation 	Number life 	Variance  (per cent) (minutes) 
ADH-F 	67 	12.02 	1.52 	10.2 	P>0.25 
Prevosti 
ADH-S 	10 	17.97 	1.13 	5.9 	P>0.25 
ADH-F 55 11.93 1.31 9.5 P>0.25 
hapingo 
ADH-S 20 18.14 2.28 8.3 0.1> P>0.05 
PDH-F 10 12.44 1.02 8.1 P>0.25 
Macomb 
ADH-S 24 17.90 2.24 8.4 P>O.25 
DH-F 10 11.97 1.50 10.2 P>0.10 
Riverside 
ADH-S 18 17.71 2.50 8.9 P>0.25 
ADH-F 	23 	11.93 	1.70 	10.9 	P>0.25 
Dahomey 
ADH-S 	6 	17.20 	3.10 	10.2 	0.1P>0.05 
ADH-F 165 	12.00 	1.55 	10.4 	P)'0.25 
Overall 
ADH-S 	78 	17.87 	2.41 	8.7 	P>0.25 
 Variance is given as from analyses of variance. 
 Coefficient of variation calculated as standard deviation 
divided by the mean 
 Probability level based on analyses of variance F tests 
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Figure20. Half - life of enzyme activity in extracts of 
ADH-F strains after dialysis. 
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Figure2l. Huff - life of enzyme activity in extracts of 
ADH-S strains after dialysis. 
Prevosti (n 10) 
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\DH-S strains it was -0.05 ± 0.08. 
With the exception of two Chapingo ADH-S strains, the over-
whelming impression made by these data is of uniformity. 
ADH-F enzymes from populations of diverse origins have 
very similar heat stability properties, as do ADH-S enzymes. 
No evidence has been obtained for variation within four of 
the five populations. In the Chapingo population the 
frequency of the AdhS variant with decreased heat stability 
is 2/77  or 2.6 per cent. Very low levels of heterogeneity 
within electromorph classes have been detected using 
differences in heat stability. 
Is the method used sensitive enough to detect such variation 
if it exists ? There is no doubt that differences in heat 
stability of the order of magnitude of that between ADH-F 
and ADH-S strains could be detected if they existed within 
electromorph classes. However, smaller differences of the 
order of 2.2 minutes for ADH-F strains and 4.9 minutes for 
ADH-S strains would be detected with 95 per cent probability 
on three assays. 
It is likely that assays of heat stability by such spectro-
photometric methods will be more sensitive than the methods 
used in other surveys. The heat stability of enzyme proteins 
has been studied most often in gels after electrophoresis by 
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heating the intact gel. In a number of cases the enzyme 
activity is not assayed but classification is based on the 
presenceor absence of enzyme activity after various periods 
of heaLing (Bernstein et al, 1973, Singh et al, 1974 and 
1975. and Milkman, 1976). The sensitivity of such methods 
has not been estimated but it seems unlikely that they 
will reliably detect less than gross differences in protein 
stability. 
In two studies extracts were exposed to heat treatment 
before electrophoresis. Proteins were then classified as 
heat resistant or heat sensitive according to the presence 
or absence of enzyme activity after electrophoresis 
(Cochrane, 1976 and Trippa et al, 1976). 
Only in the study of xanthine dehydrogenase by Singh et al 
(1976) has an attempt been made to follow the course of 
loss of activity during heating. A number of factors 
forced these workers 'to be quite conservative in our use 
of the data'. These factors included a low repeatability 
and an unexplained effect of age on protein stability. 
Only large consistent differences were used in classification. 
It seems probable that the techniques used in the present 
study are at least as sensitive as any used in other surveys. 
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Section 4.4 Properties of alcohol dehydrogenase in strains 
showing unusual enzyme activity or heat stability 
Two strains were found to be unusual on the basis of their 
ADH activities (see Figure 10) and two strains had half-
lives of enzyme activity atypical of their electrophoretic 
types (see Figures 16 and 19). The properties of ADH in 
each of these strains were studied further. 
1) 	Strain P44 	This strain was derived from the Prevosti 
population. Electrophoretic mobility of ADH was typical 
of ADH-F strains. Activity of ADH in crude extract was 
considerably higher than in other ADH-F strains from this 
population (see Figure 10). The ratio of activity in P44 
to the average of Prevosti ADH-F strains was 2.17, the ratio 
of specific activities was 2.05 (see Table 15). 
Table 15 	ADH activity in strain P44 and other ADH-F 
strains from the Prevosti population 
Strains 	 Activity per 	 Specific individual (units ± S.E.) 	activity (units/mg ± S.E.) 
P44 	182 ± 2.2 (5 assays) 	9.89 + 0.12 (5 assays) 
Other ADH-F 	83.9 (201 assays) 	 4.83 (201 assays) 
Ratio 	 2.17 
	
MW 
Strain P44 was indistinguishable from other ADH-F strains 
on the basis of the half-life of ADH activity before or 
after dialysis (see Table 16). 
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Table 16 	Half-life of ADH activity in strain P44 and 
all other ADH-F strains 
Half-life of N)H activity 
Before dialysis 	 After dialysis 
Strains 	 (minutes ± S.E.) (minutes ± S.E.) 
P44 	9.28 + 0.21(5 estimates) 	11.74 + 0.38(5 estimates) 
All other ADH-F 	9.01 (492 estimates) 	11.98 (328 estimates) 
Developmental profile of ADH activity 
The ADH activity throughout development was compared with 
that of the standard strains KAD-F and KAD-S. Data for 
these strains are taken from Figure 3. Each time point 
for strain P44 represents the mean of two separate 
determinations. 
The profile, presented in Figure 22, shows that P44 has 
higher levels of ADH activity than either standard strain 
throughout development. The ratio of activities of the 
P44 and KAD-F strains varies from 1.2 in early larvae to 
2.5 in young adults. 
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Genetic mapping 
In view of the large differences between P44 and other 
strains, an attempt was made to map the locus or loci at 
which P44 differs from other strains. By crossing P44 
LO the multiply-marked chromosome stock b pr cn 
(described in Chapter 2), a series of recombinant chromosomes 
containing segments of chromosome II from P44 and the tester 
stock were generated and made homozygous in the same 
genetic background. 
Strain P44 carries wild-type alleles at all three marker 
loci. The tester stock carries the AdhS  allele. Results 
are presented in Table 17. 
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Table 17 	Classification of chromosomes 
Chromosomes 	Number tested 	 Classification 
+ 	+ 	+ 2 2P44type 
b 	+ 	+ 10 4 tester type 	: 	6 P44 type 
b 	pr 	+ 3 3 tester type 
+ 	pr 	en 7 5 tester type 	2 P44 type 
h 	pr 	cn 2 2 tester type 
Chromosomes were classified as P44 type only if electro-
phoretic mobility was typical of ADH-F, activity was 
greater than 100 units and the half-life of enzyme activity 
in crude extract was less than 12 minutes at 40°C. Tester 
type chromosomes carried AdhS,  had enzyme activity less 
than 100 units and a half-life greater than 12 minutes. In 
no case was there any conflict in classification; all 
properties segregated as if affected by a single locus. 
On the basis of these data, the estimated map position of 
the locus at which strain P44 differs from other strains 
is 50.6 (95 per cent confidence interval 50.0 to 51.2). 
The map position of the Adh locus, given as 50.1 in 
Lindsley and Grell (1967), lies within this 95 per cent 
confidence interval. 
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Crosses with KAD-F 
The properties of ADH in progeny of crosses between KAD-F 
and P44 were investigated. The electrophoretic pattern 
and the half-life of enzyme activity in crude extract at 
40°C were not significantly different from those of either 
parent. The three genotypes clearly differed in activity 
levels (Table 18). 
Table 18 
	
ADH properties in KAD-F, P44 and their cross 
Half-life of 
	
Activity per 	Activity 
enzyme activity individual relative to 
(minutes -'- S.E.(n)) 
	
(units ±S.E.(n)) 	KAD-F 
KAD-F 
	
9.00 ± 0.25(5) 
	





182 ± 2.2(5) 	2.22 
MITIMMMEM 
	
9.22 ± 0.32(5) 
	
130±3.2(5) 	1.59 
Enzyme activity in progeny of the KAD-F x P44 cross is 
intermediate between the levels in the parent strains. 
Since evidence has been obtained that strain P44 differs 
from other ADH-F strain at a locus close to the ADH locus 
but contains indistinguishable enzyme, it may be argued 
that the ratios of enzyme activities observed are 
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consistent with strain P44 containing a duplication of the 
Adh locus. Pipkin and Hewitt (1972) have shown that such 
ratios are produced by duplication of the locus whereas 
regulatory mutants at loci closely linked to the Adh 
locus may not produce this result (McDonald et al, 1977). 
c yt o logy 
Salivary gland chromosome preparations of the strains KAD-F, 
P44 and their cross were examined by Dr S. Tsakas in this 
department. No evidence of chromosomal abnormality in the 
region of the Adh locus was observed. 
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Summary 
The ADH enzymes produced by strains P44 and KAD-F are 
indistinguishable on the basis of their electrophoretic 
mobility or heat stability. P44 shows a level of enzyme 
activity throughout development approximately twice that 
of KAD-F. A genetic difference at a locus near the Adh 
locus is responsible for the difference between P44 and 
other ADH-F strains. 
Although these results are more typical of a duplication of 
the AcIh locus than a regulatory mutant (Pipkin and Hewitt. 
1972 and McDonald et al, 1977), cytological examination 
provides no evidence of chromosomal abnormality. 
It is possible that the enzyme of strain P44 may be 
distinguishable from other ADH-F proteins on some other 
kinetic properties. This possibility was not investigated 
further.* 
(* Note added in proof: In July, 1977, the relative amounts 
of ADH protein present in flies of the strains P44 and 
KAD-F were measured by Professor B. Clarke's group at 
the Department of Genetics, University of Nottingham. 
P44 was found to contain 2.4 units of enzyme protein per 
mg whereas KAD-F contained 1.27 units. The ratio of these 
protein levels is similar to the ratio of specific activities 
in the two strains.) 
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(2) Strain P79 	This strain 
activity in six day old adults 
activity present in gels after 
this age. Extracts of larvae, 
ages showed no detectable acti 
reared at 16 °C were similar. 
showed no detectable ADH 
(see Figure 10), nor was 
electrophoresis of flies of 
pupae and adults of different 
ity and flies of this strain 
This pattern is typical of a number of null activity mutants 
known previously at the Adh locus (Lindsley and Grell, 
1967 and Schwartz and Sofer, 1976). All examples so far 
studied have been artificially induced. This is the first 
report of a naturally occurring Adh-null variant. 
Genetic mapping 
The map position of the locus at which this null variant 
arose was established using the same procedure as for the 
P44 variant above. 
Chromosomes were classified as P79 type or tester type on 
the basis of whether or not extracts showed any ADH 
activity in gels after electrophoresis. 
Table 19 Classification of chromosomes 
Chromosome Number tested Classification 
± 	+ 	+ 5 5P79type 
b 	+ 	+ 20 4 tester type 	: 16 P79 type 
+ 	pr 	en 18 12 tester type 6 P79 type 
b 	pr 	+ 3 3 tester type 
+ 	+ 	cn 3 3P79type 
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From these data the estimated map position of the locus 
affecting ADH activity in strain P79 is 50.07. The 95 
per cent confidence interval (49.71 to 50.42) includes the 
Adh locus at 50.1. 
There are three possible causes of null activity variants 
Mutation in the DNA sequence coding for the protein 
such that the enzyme is unstable, inactive or incomplete. 
Mutation at a separate regulatory locus preventing the 
expression of a gene coding for a normal enzyme protein. 
Deletion of the locus coding for that enzyme protein. 
Cases of deletion may be observed cytologically but 
causes a) and b) are difficult to distinguish experimentally. 
Cytology 
Strain P79 was crossed to the Oregon K inbred line which 
is known to have standard gene arrangement on çolytene 
chromosomes. Larvae from this cross were prepared for 
cytological examination of salivary gland chromosomby 
Dr S. Tsakas in this department. No abnormal banding 
pattern or chromosome pairing was observed in the region 
known to contain the Adh locus. This precludes the 
possibility that strain P79 carries a deletion of the Adh 
locus. 
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No further efforts were made to distinguish whether the 
null activity was an effect of a change at the structural 
locus or a regulatory locus. None of the Adh-null alleles 
studied previously have proved to be regulatory mutants 
whereas several are known to affect the structural locus 
(Lindsley and Grell, 1972 and Schwartz and Sofer, 1976). 
However, McDonald et al (1977) and Thompson et al (1977) 
have presented evidence that regulatory variation affecting 
the Adh locus may occur on chromosome II close to the 
Adh locus. 
(3) Strains C32 and C65 These strains show an electrophoretic 
pattern typical of ADH-S strains. Their ADJI activity falls 
within the range of activities of other ADH-S strains from 
the Chapingo population (see Table 20). 




units ± S.E.(n) 
strains C32 and C65 with other 
ADH-S strains 
Half-life of enzyme activity 
(minutes + S.E. (n)) 
undialysed 	 dialysed 
at 40°C 	 at 38°C 	at 48.2°C 
C32 	37.5 ± 1.2(6) 	6.4 ± 0.4(3) 	12.3 - 0.7(3) 5.2 -4- 0.5(3) 
C65 	38.3±0.9(6) 	6.4+0.3(3) 	13.2±0.7(3) 5.7±0.3(3) 
Other ADH-S 32.7 ±to47.0 13.83+0.16(60) 	- 	18.13±0.2(40) 
The half-lives of enzyme activity in undialysed and dialysed 
extracts of these strains were significantly less than those 
of other ADH-S strains (see FiguresiG and 19 and Table 20). 
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The two strains are very similar on all these criteria. 
In an attempt to determine whether the two strains show 
any differences, the half-life of enzyme activity in 
undialysed crude extract at 38.5°C was measured. Results 
are shown in Figure 23 and Table 20. Again the two strains 
were not significantly different and they are treated as 
identical in subsequent experiments. 
Genetic mapping 
As in the mapping of loci affecting ADH in the two Prevosti 
strains (above), a number of second chromosomes were 
generated carrying different sections of C32 and the tester 
stock chromosome in a known genetic background. Results 
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Table 21 	Classification of chromosomes 
Chromosomes 	Number tested 	 Classification 
+ 	+ 	+ 3 3C32type 
b 	+ 	+ 7 4 C32 type 	: 	3 tester type 
b 	pr 	+ 4 4 tester type 
+ 	pr 	cn 7 5 tester type 	: 2 C32 type 
b 	pr 	cn 3 3 tester type 
Classification was based on half-life of enzyme activity 
in undialysed extract. The range of values for those 
strains classified as C32 type was 4.2 - 6.1 minutes 
(9 strains) and the range for the 11 strains classified 
as tester type was 12.6 - 15.4 minutes. No intermediate 
values of half-life were found. 
This evidence suggests that variation at a locus at map 
position 50.6 (95 per cent confidence interval 50.0 to 
51.2) brings about the change in stability of the ADH 
enzyme. Since the Adh locus is at map position 50.1, it 
must be argued that strains C32 and C65 contain an allele 
of the Adh locus coding for an enzyme of the same electro-
phoretic mobility as other ADH-S strains but with 
different thermostability. 
In all four of the strains which exhibited abnormal ADH 
activity or thermostability the locus responsible for the 
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genetic differences has been located in the region of the 
Adh locus. It is likely that the mutation present in 
strains C32 and C65 is at the Adh locus since no other 
locus is known to affect the heat stability of ADH 
enzyme protein. 
The Adh-null variant present in strain P78 is probably 
also due to mutation at the Adh structural locus. 
Schwartz and Sofer (1976) have shown that the majority of 
artificially induced Adh-null mutations can be located to 
this structural gene. 
The nature of the genetic change affecting ADH activity 
in strain P44 is less certain. Evidence suggests that this 
strain produces more enzyme protein than other ADH-F 
strains. The genetic change is located in the region of 
the Adh structural locus but regulatory loci which might 
produce such a phenotypic change are also known to occur 
in this region. 
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CHAPTER 5 General Discussion 
The five populations of Drosophila melanogaster studied have 
been shown to represent a wide range of genetic variation. 
Levels of heterozygosity for electrophoretic variation and 
recessive lethals are normal. Populations differ significantly 
at loci affecting body weight. Genetic distance estimates 
are high. Inversion frequencies, although low, are not 
atypical of D. melanogaster populations. 
Much of the variation in the properties of alcohol dehydrogenase 
has been found to be due to the segregation of two electro-
phoretic forms of the enzyme, ADH-F and ADH-S. No other 
electrophoretic forms were discovered in a survey of 246 
strains from five populations of diverse ecological and 
geographical origins. Classification of strains according 
to electrophoretic type accounted for almost all variation 
in heat stability of the enzyme and a large proportion of 
the variation in enzyme activity. 
Although these populations differed in their frequencies of 
the Adh 
F  and Adh S alleles, the enzymes produced by these 
alleles are indistinguishable on the criteria used in this 
study. It is concluded that these populations share the 
same Adh 
F  and Adh S alleles. 
Rare variants of the enzyme were discovered in three 
populations. These do not contribute significantly to 
heterozygosity at the Adh locus. 
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Although most of the variation in ADH activity is accounted 
for by the segregation of the two electrophoretic forms, 
AdhF and  AdhS,  significant variation does exist among ADH-F 
and ADH-S strains from the same population and from 
different populations. 
Loci which affect ADH activity are known to occur on all 
three major chromosomes (see Section 1.2.4). The strains 
studied differ only at second chromosome loci. Variation 
between strains must be attributed to differences at second 
chromosome loci other than Adh since no evidence has been 
obtained for sequence heterogeneity among strains of the 
same electrophoretic type. 
As in other studies, all populations were found to contain 
only two electrophoretic forms of ADH. In only one survey 
of natural populations has an unusual electrophoretic form 
of the enzyme been observed (Malpica and Briscoe, unpublished, 
see Thatcher, 1977). 
Whereas recent surveys of a number of Drosophila enzymes have 
suggested that extensive variation in the heat stability of 
enzymes exists within electromorph classes, Adh electromorphs 
have been found to show no such variation. No new polymorphism 
has been discovered, only the occurrence of rare alleles of 
Adh. 
Sampsell (1977) has recently confirmed these findings in 
a survey of populations from the United States of America. 
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She has found that three alleles of Adh are rare but 
widespread in these populations, their overall frequency 
being 1.710 of 4436 strains. 
The properties of these rare but widespread forms are not 
described in sufficient detail to allow comparison with 
the results in the present survey. It is possible that the 
AdhS form of ADH described by Sampsell (1977) corresponds 
with the ADH present in the Mexican strains C32 and C65. 
In her survey, Sampsell (1977) has used heat treatment of 
cellulose acetate gels after electrophoresis to detect 
variation within electromorphs. However, the data 
presented do 	not allow an estimation of the sensitivity 
or repeatability of this technique. It is unclear whether 
the heat stability of a single isozyme or a mixture of isozymes 
is being compared in these tests. 
These two studies do agree that variation in heat stability 
within electromorph classes of Adh is rare. The contrast 
between this finding and the results of other surveys 
(reviewed in Section 1.2.3) must be discussed. Although 
genetic analyses have not been completed, it is clear that 
heat stability studies may reveal extensive hidden' genetic 
variation in other enzymes of Drosophila species including 
Drosophila melanogaster. 
The absence of heat stability variants at polymorphic 
frequencies is unusual and suggests that the total number 
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of alleles segregating at this locus is limited. However, 
it is possible that alleles detectable by other methods do 
exist in these populations. Unless heat stability per se 
is an important property of some enzymes it seems unlikely 
that the estimation of 	genetic variation at loci by 
the number of heat stability classes present will be biased. 
It must be concluded that the Adh locus shows a lower level 
of genetic variation, in terms of number of alleles present, 
than other loci in Drosophila melanogaster and other 
Drosophila species. A number of possible reasons for such 
a difference will be discussed. 
Variation at this locus may be subject to unusually strong 
natural selection. Evidence from many sources (reviewed 
in Section 1.2.4) strongly suggests that this may be so. 
Further, it has been argued that the stability of ADH 
allozymes in extremes of heat and pH may be important in 
determining their frequencies in natural populations. 
Under these conditions the amount of variability of 
heat stability within electromorph classes might be 
expected to be restricted by natural selection. The 
number of possible mutations with 'acceptable' levels of 
activity and heat stability may be limited. 
The rate at which variation is generated may differ between 
loci. Since neither the overall mutation rate nor the 
mutation rate to neutral alleles has been estimated for 
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any of the loci studied, it is not possible to compare 
loci. It is probable that the mutation rate is positively 
related to the size of a locus or the molecular weight of 
the po.Lypeptide it produces. 
The ADH protomer is small (24,000 Daltons) compared with 
those of other Drosophila enzymes. Xanthine dehydrogenase 
(140,000 Daltons) and octanol dehydrogenase (55,000 Daltons) 
both have significantly higher numbers of electrophoretic 
and heat stability variants than the Adh locus. 
However, such a simplistic view is not satisfactory. It is 
known that mutation rates are subj ect to considerable 
fluctuations over short periods of time (reviewed by Green, 
1976). Only if a complete history of mutation at a locus 
were known would it be possible to make such comparisons 
between loci. 
It has recently been suggested by Eanes and Koehn (1977) 
and Koehn and Eanes (1977) that intragenic recombination 
may be the source of a considerable proportion of genetic 
variation. Again, the rate of intragenic recombination may 
be related to the size of a locus and this may contribute 
to the relatively low level of variation at the Adh locus. 
Gelbart et al (1976) have reported that the rosy locus, 
coding for the xanthine dehydrogenase protomer, is 5 x 10 
map units in length. The length of the Adh locus may, by 
proportion, be 8 x 10 	map units and the rate at which new 
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alleles will be produced by intragenic recombination reduced. 
If the two common electromorphs do not have any sequence 
heterogeneity within them and differ by a single amino acid 
substitution, no new alleles could be produced by intragenic 
recombination. 
Full genetic analyses have rarely been performed to 
demonstrate that non-electrophoretic variants are true 
alleles at a locus. It is possible, therefore, that the 
extent of allelic variation has been overestimated in other 
surveys. 
Even in the most thorough studies doubts have been raised 
about the nature of some variation. Johnson (1977) has 
suggested that some of the variation between strains in 
enzyme properties may be the result of 'epigenetic processes'. 
Xanthine dehydrogenase in Drosophila pseudoobscura shows 
age-related changes and experimental variation in heat 
stability which are not understood (Singh et al, 1976). 
These problems emphasise that it is desirable to have an 
extensive knowledge of the bioihemisrrv and epigenetics of 
the enzymes studied in such surveys. Al cohol dehydrogenase 
is probably the most extensively studied enzyme in 
Drosophila. 
It is possible that all of these factors contribute to the 
relatively low estimate of heterogeneity within electrornorphs 
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of Adh. If, indeed, the heat stability of ADH allozymes 
is important for the maintenance of the polymorphism, it 
may be argued that other methods such as the gel sieving 
techniques ot Johnson (reviewed in Section 1.2.3) will 
reveal heterogeneity. However the level of heterozygosity 
may still be limited by low mutation rates to neutral or 
selectively advantageous alleles and low intragenic 
recombination rates. 
The charge-state model predicts that, if selectively 
neutral or near-neutral isoalleles with no effect on 
electrophoretic mobility occur at a locus, then hetero-
geneity of amino acid sequence will occur among proteins 
of the same electrophoretic mobility. Failure to find such 
heterogeneity at one locus does not allow the model to be 
discarded. This is especially true of the Adh locus at 
which the possible number of amino acid sites where such 
variation might occur may be very limited. 
The widespread occurrence of only two electrophoretic forms 
of ADH within which no sequence heterogeneity has, so far, 
been detected suggests that this locus may indeed be subject 
to strong natural selection. A balanced polymorphism involving 
only two forms of the enzyme which differ considerably in 
theirhiochemical properties has been established. Variation 
within electromorph classes may he precluded by natural 
selection, low mutation and intragenic recombination rates 
and an absence of sites at which mutation to selectively 
equivalent isoalleles may occur. 
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